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FINAL  REPORT 


INTRODUCTION 

The  central  objective  of  the  proposal  is  to  express  the  DNA-binding  domain  ofPARP 
under  control  of  prostate  tissue-specific  promoter  in  prostate  cancer  cells  and  sensitize  them  to 
radiotherapy  or  chemotherapy.  We  hypothesize  that  the  sustained  presence  of  the  PARP-DBD  in 
prostate  tumor  tissue  will  kill  cells  via  apoptosis  in  response  to  massive  DNA  damage  induced  by 
ionizing  radiation  or  genotoxic  drugs.  To  test  this  hypothesis  we  will  utilize  the  prostate-specific 
antigen  (PSA)  promoter  to  direct  the  PARP-DBD  expression  to  prostate  cancer  cells.  Using  PSA- 
producing  cells  (LNCaP)  and  cells  that  do  not  express  PSA  (PC-3)  as  the  primary  experimental 
model  system  we  propose  the  experimental  approach  designed  to:  1)  produce  prostate  carcinoma 
cell  sublines  which  allow  androgen-inducible,  high-level  expression  of  the  PARP-DBD  and  2)  test 
the  DNA-binding  domain  ofPARP  as  a  molecular  sensitizer  for  improving  responses  of  prostate 
tumor  cells  to  gamma  radiation  and  DNA-damaging  drugs.  The  completion  of  experiments 
proposed  in  this  project  will  contribute  to  the  development  of  complementary  biotherapeutic 
approaches  in  the  treatment  of  prostate  cancers,  which  fail  local-regional  therapy. 


I.  ORIGINAL  STATEMENT  OF  WORK 

The  proposed  studies  are  designed  to  explore  the  potential  of  novel  combination  therapy 
that  would  utilize  the  tissue-specific  (prostate)  and  radiation-specific  (damages  in  DNA)  gene 
therapy  for  prostate  cancer. 

Task  1.  To  establish  prostate  cancer  cell  lines  stably  expressing  PARP-DBD  under  control  of 
PSA  promoter  regulatory  elements  (months  1-19) 

i.  develop  a  series  of  plasmids  to  drive  prostate  tissue-specific  expression  of  PARP-DBD  gene 
(months  1-8) 

ii.  produce  PARP-DBD  expressing  sublines  from  LNCaP  prostate  carcinoma  cell  line 
(months  9-13) 

iii.  test  tissue-specificity  and  responsiveness  of  PARP-DBD  expression  to  androgens 
(months  14-19) 

Task  2.  To  investigate  the  potential  of  PARP-DBD  protein  for  sensitization  of  prostate  cancer 
cells  to  ionizing  radiation  and  DNA-damaging  drugs  (months  19-36) 

i.  test  the  PARP-DBD  expression  levels  for  efficiency  to  inhibit  PARP  activity  and  DNA  damage 
repair  following  gamma  radiation  and  drug  treatments  (months  19-24) 

ii.  investigate  the  effects  of  PARP-DBD  expression  on  cell  viability,  cycle  progression  and 
apoptosis  induction  post-irradiation  (months  24-3 1) 

iii.  determine  whether  cell  sensitization  by  PARP-DBD  depends  upon  the  type  of  DNA 
damage  inflicted  on  the  cells  (months  26-32) 

iv.  conduct  radiation  survival  curve  analysis  on  prostate  cancer  cell  lines  expressing 
differential  levels  of  PARP-DBD  to  assess  its  radiosensitizing  ability  (months  28-36) 
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RESEARCH  ACCOMPLISHED 


Task  1.  To  establish  prostate  cancer  cell  lines  stably  expressing  PARP-DBD  under  control  of 
PSA  promoter  regulatory  elements 

Human  PSA  promoter/enhancer  drives  expression  of  the  PARP-DBD  in  LNCaP  cells. 

This  study  is  focused  on  the  unique  properties  of  the  DNA-binding  domain  of  PARP  as 
a  potent  molecular  sensitizer  to  DNA  damaging  treatments  (1,2).  We  isolated  and  cloned  the 
fragment  of  human  PARP  cDNA  encompassing  the  region  (aa  1-234)  that  encodes  two  zinc 
fingers  of  the  enzyme  as  well  as  the  KKKSKK  nuclear  localization  signal  (PARP-DBD). 
Subsequently,  we  developed  plasmid  vectors  to  express  human  PARP-DBD  as  a  Flag-fusion 
protein  in  human  prostatic  adenocarcinoma  cells  (LNCaP  cell  line)  both  constitutively  and  in 
androgen-dependent  fashion  (Fig,  1  A).  The  recombinant  plasmid,  pCMV-DBD/F,  permits 
constitutive  expression  of  the  PARP-DBD  under  control  of  the  human  CMV  promoter.  To  achieve 
tissue-specific  expression  of  the  PARP-DBD  in  the  androgen-sensitive  LNCaP  cells,  we  have 
constructed  an  expression  vector,  pPSA(e/p)-DBD/F,  comprised  of  the  coding  region  for  the  DNA- 
binding  domain  of  PARP  linked  to  S’-flanked  sequences  (1.3  kb  upstream  enhancer  -  0.6  kb 
minimal  promoter)  of  the  human  PSA  gene.  The  expression  of  the  PARP-DBD  Flag-fusion  protein 
in  LNCaP  cells  was  confirmed  in  transient  transfection  assays  (Fig.  IB).  Immunoblot  analysis  of 
cell  lysates  revealed  that  exogenous  PARP-DBD  Flag  fusion  protein  has  a  molecular  mass  3 1  kDa 
consistent  with  the  length  of  corresponding  cDNA,  and  is  recognized  by  anti-Flag  and  anti-PARP 
antibodies.  Functional  activity  of  expressed  PARP-DBD  Flag-fusion  protein  was  assayed  in  DNA 
binding  reactions  using  double  stranded  5’ -biotinylated  oligonucleotides  coupled  to  streptavidin- 
coated  magnetic  beads.  These  beads  were  used  to  recover  DNA  binding  proteins  from  LNCaP  cells 
transiently  transfected  with  pCMV-DBD/F  plasmid.  We  found  (Fig.  1C)  that  both  endogenous 
PARP  and  PARP-DBD  fusion  protein  are  captured  effectively  by  DNA  fragments,  thus  indicating 
that  PARP-DBD  retain  its  DNA-binding  activity  when  expressed  in  LNCaP  prostate  carcinoma 
cells. 


Figure  1.  A:  A  schematic  representation 
of  the  recombinant  constructs  for  constitutive 
(pCMV-DBD)  and  androgen-inducible  (pPSA- 
DBD)  expression  of  the  human  PARP-DBD  in 
prostate  cancer  cells.  PSA-E,  1.3  kb  upstream 
PSA  enhancer  region;  PSA-P,  0.6  kb  minimal 
promoter  of  the  human  prostate-specific  antigen 
(PSA)  gene.  Relevant  restriction  enzyme  sites, 


66 -  .  —  IgG 

46— §||§§| 
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the  pCMV-DBD/F  (3), 


ZnZn 


^PARP-DBD 


zinc  fingers  (Zn)  and  androgen  response 
elements  (ARE)  are  indicated.  B: 
Immunodetection  of  the  PARP-DBD  in  LNCaP 
cells  transiently  transfected  with  pPSA(e/p)- 
DBD/F.  C:  Detection  of  DNA-binding  activity 
of  wild-type  PARP  and  PARP-DBD  Flag-fusion 
proteins.  Purified  recombinant  PARP  (1)  and 
cell  extracts  prepared  from  parental  LNCaP  cells 
(2)  or  LNCaP  cells,  transiently  transfected  with 


w'ere  bound  to  5’ -biotinylated  double-stranded  oligonucleotides  coupled  with 


streptavidin-eoated  magnetic  beads.  Proteins  were  eluted  and  analyzed  by  Western  blotting  using  polyclonal 
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anti-PARP  antibodies  as  described  in  manuscript  (Cancer  Research,  2002,  62:  6879-6883)  included  in 
appendix. 

Tissue  specificity  and  androgen  responsiveness  of  the  PARP-DBD  expression  in  LNCaP 
cells. 

The  5'-regulatory  sequences  of  the  human  PSA  gene  have  been  cloned  and  characterized 
(3,4).  Deletion  analysis  of  this  region  identified  a  minimal  (core)  promoter  region  (nt  -320  to  +12), 
strong  upstream  enhancer  (nt  -5824  to  -3738)  and  the  presence  of  down-regulating  elements  within 
the  central  region  (nt  -4136  to  -541).  Previous  studies  have  identified  the  5-enhancer  element 
linked  to  minimal  core  promoter  of  the  human  PSA  gene  as  an  effective  combination  of  regulatory 
elements  capable  of  driving  the  expression  of  reporter  genes  in  PSA-producing  prostate  cancer 
cells  both  in  vitro  and  in  vivo  (5,6).  Consequently,  we  developed  and  tested  the  construct, 
pPSA(e/p)-DBD/F,  for  its  ability  to  drive  the  expression  of  PARP-DBD  in  a  tissue-specific 
fashion,  and  its  androgen  responsiveness  in  prostate  carcinoma  cells. 

Tissue  specificity  of  PARP-DBD  expression  under  control  of  the  PSA  promoter/enhancer 
was  evaluated  in  transient  transfection  assays  using  the  PSA-producing  (LNCaP)  and  PSA¬ 
negative  (PC-3)  prostate  cancer  cells,  as  well  as  cells  of  non-prostate  origin  such  as  Ewing’s 
sarcoma  (A4573  cell  line).  We  found  that  PSA  enhancer/promoter-driven  expression  of  the  human 
PARP-DBD  was  immunodetectable  observed  only  in  PSA-producing  LNCaP  prostate  carcinoma 
cells  but  not  in  PSA-independent  cell  lines  (Fig.  2).  Although  more  PSA-producing  cell  lines  need 
to  be  tested  to  elaborate  a  PSA-dependence  of  PARP-DBD  expression,  our  data  are  consistant  with 
previously  reported  findings  that  PSA  promoter  retains  its  tissue  specificity  both  in  vivo  and  in 
vitro  (5,6). 


Figure  2:  PARP-DBD  expression  in  PSA-producing  and  PSA¬ 
negative  cells.  PSA-positive  (LNCaP),  PSA-insensitive  (PC-3) 
prostate  cel  1  lines,  and  non-prostate  (Ewing’s  sarcoma,  A4573  cell 
line)  cells  were  transiently  transfected  with  pPSA(EP)-DBD/F  or 
pCMV-DBD/F.  Cells  were  harvested  48  hours  after  transfection  and 
PARP-DBD  expression  was  immunodetected. 


IP:  anti-Flag 
IB:  anti-PARP 


The  5’  flanking  region  of  the  human  PSA  gene  contains  several  androgen-responsive 
elements  and  is  responsible  for  the  androgen-dependent  expression  of  PSA  in  benign  and 
malignant  prostate  cells.  To  evaluate  whether  the  PSA  promoter  /  enhancer  constructs  support 
androgen  responsiveness  of  PARP-DBD  expression,  LNCaP  carcinoma  cells  were  stably 
transfected  with  PARP-DBD  expression  vectors  and  established  polyclonal  LNCaP  sublines  (PSA- 
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DBD  and  CMV-DBD)  were  subsequently  subjected  to  analysis  of  PARP-DBD  expression  levels. 
Cells  were  grown  in  media  containing  charcoal-stripped  serum  for  seven  days  followed  by 
incubation  for  24  hours  in  the  absence  or  presence  of  the  synthetic  androgen,  R1881  (0-10  nM). 
Western  blot  analysis  and  RT-PCR  were  performed  to  evaluate  androgen-regulated  expression  of 
the  human  PARP-DBD  in  LNCaP  cells  (Fig,  3),  Parental  LNCaP  cells  and  the  LNCaP  cell  subline 
(CMV-DBD)  were  used  as  negative  and  positive  controls,  respectively,  for  PARP-DBD  expression 
levels  in  these  experiments.  We  found  that  exposure  of  PSA-DBD  cells  to  androgen  (R1881) 
resulted  in  dose-dependent  stimulation  of  PARP-DBD  expression  at  levels  of  mRNA  (Fig.  3B)  and 
protein  (Fig  3  A).  No  notable  changes  in  the  PARP-DBD  expression  levels  have  been  observed  in 
control  cell  lines  exposed  to  R1881  at  doses  up  to  10  nM. 

Figure  3:  LNCaP  cells  were  stably  transfected  with  plasmid  vectors  that  allow  constitutive  (pCMV- 
DBD/F)  or  androgen-inducible  (pPSA-DBD/F)  expression  of  PARP-DBD.  The  established  cell  sublines 


A 


kD 
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§  ,  PSA(e/p)-DBD/F, 

CL  Q  I - 1 

O  >  — _^^R1881 
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IP:  anti-Flag 
IB:  anti-PARP 


were  analyzed  for  androgen-dependent  induction  of  the  PARP-DBD  expression  by  Western  blotting  and 
RT-PCR.  A,  Immunodetection  of  PARP-DBD-Flag  fusion  protein  in  LNCaP  cell  sublines  expressing 
PARP-DBD  under  control  of  CMV  promoter  (CMV-DBD)  or  PSA  enhancer  /promoter  (PSA-DBD). 
LNCaP  sublines  transfected  with  pPSA-DBD/F  were  maintained  in  absence  or  in  presence  of  synthetic 
androgen,  R1881  (0-10  nM).  Parental  LNCaP  cells  were  used  as  a  negative  control  for  PARP-DBD 
expression.  The  migration  of  the  DBD-Flag  fused  protein  is  indicated  on  the  right.  B,  RT-PCR  analysis  of 
mRNA  for  PARP-DBD  -Flag  fused  protein.  Specific  RT-PCR  product  is  indicated  on  the  right,  and 
molecular  weight  markers  (M)  are  shown  on  the  left. 


Androgen-dependent  regulation  of  PARP-DBD  expression  in  PSA-DBD  prostate 
carcinoma  cells  was  further  confirmed  by  in  situ  immunodetection  of  the  PARP-DBD-Flag  fusion 
protein  using  fluorescence  microscopy  (Fig.  4).  These  data  indicate  that  the  pPSA(e/p)-DBD/F 
recombinant  vector  allows  expression  of  functionally  active  DBD  of  P  ARP  in  vitro,  and  that  the 
androgen-dependent  expression  is  specific  to  PSA-producing  prostate  carcinoma  cells. 
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LNCaP/  PSA  (e/p)-DBD/F 


Figure  4:  pPSA-DBD/F  drives  androgen-responsive 

expression  of  PARP-DBD  in  LNCaP  cells.  For  in  situ 
PARP-DBD  immunodetection,  LNCaP  cells  were  grown 
in  media  containing  10%  charcoal-stripped  fetal  bovine 
serum  for  seven  days.  Following  induction  of  PARP-DBD 
expression  by  synthetic  androgen  R1881  (lOnM)  for  24  h, 
cells  were  immunostained  for  PARP-DBD-Flag  fusion 
protein.  Transmitted  (phase  contrast)  and  Cy5  (red 
fluorescence)  images  were  acquired  using  IX  70  confocal 
laser  scanning  microscope  (Olympus). 


Task  2,  To  investigate  the  potential  of  PARP-DBD  protein  for  sensitization  of  prostate 
cancer  cells  to  ionizing  radiation  and  DNA-damaging  drugs 

PARP-DBD  expression  sensitizes  LNCaP  cells  to  DNA-damage. 

The  PARP-DBD  fragment  acts  as  a  /ram-dominant  inhibitor  of  P ARP  activity  by 
competing  with  endogenous  wild-type  PARP  for  DNA  strand  breaks  (1,2).  Furthermore,  using 
atomic  force  microscopy  we  have  recently  demonstrated  that  PARP-DBD  binds  to  broken  DNA 
strands  irreversibly,  making  them  inaccessible  to  DNA  repair  enzymes  (7).  These  data  suggest  that 
forced  expression  of  the  PARP-DBD  can  impair  the  function  of  endogenous  PARP  in  cellular 
responses  to  DNA  damage  leading  to  accumulation  of  sustained  lesions  in  the  genome,  thereby 
overcoming  cellular  resistance  to  radio-  and  chemotherapeutic  intervention.  In  support  of  this 
suggestion,  the  sensitization  of  the  DBD-  expressing  mammalian  cells  to  ionizing  radiation  and 
DNA-damaging  agents  has  been  recently  demonstrated  (1,2). 

To  investigate  whether  PARP-DBD  would  increase  the  susceptibility  of  human  prostate 
carcinoma  to  DNA-damaging  treatments,  the  expression  of  PARP-DBD  in  LNCaP  (PSA-DBD) 
cells  was  induced  by  R1881,  and  cells  were  subsequently  exposed  to  ionizing  radiation  or 
etoposide  (VP-16).  We  found  that  androgen  (R1 88  Independent  stimulation  of  PARP-DBD 
expression  significantly  enhanced  (at  least  a  two-fold)  growth  inhibition  of  PSA-DBD  cells  in 
response  to  DNA  damage,  compared  to  control  cells  (Fig.  4A).  This  effect  appeared  to  be  strictly 
related  to  the  PARP-DBD  expression  in  LNCaP  cells  and  cannot  be  accounted  for  the  presence  of 
androgen  in  the  growth  medium.  In  fact,  other  studies  have  shown  that  androgens  are  potent 
stimulators  of  LNCaP  cells  growth  in  vitro  (8). 

We  next  examined  whether  the  PARP-DBD  -  mediated  sensitization  of  LNCaP  cells  to 
DNA  damage  is  attributable  to  an  increased  rate  of  apoptosis.  Quantitative  measurements  of  cell 
death  were  carried  out  using  Annexin  V-  propidium  iodide  staining  and  mitochondrial 
depolarization  assays.  Previous  studies  show  that  LNCaP  cells  are  highly  resistant  to  ionizing 
radiation,  and  fail  to  activate  classical  apoptotic  pathways  in  response  to  DNA-damaging 
treatments  (9).  In  agreement  with  these  findings,  we  found  that  parental  LNCaP  cells  as  well  as 
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the  un-induced  PSA-DBD  cell  subline  exhibit  only  marginal  levels  of  cell  death  after  exposure  to 
ionizing  radiation  or  etoposide  (Fig,  4).  When  PARP-DBD  expression  was  induced  by  R1881, 
irradiated  or  etoposide-treated  LNCaP  (PSA-DBD)  cells  showed  significantly  (more  than  two  fold) 
increased  staining  for  Annexin  V  (Fig.  4B)  and  depolarization  of  mitochondrial  membrane  (Fig. 

4C)  within  24  hours  of  treatment. 
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Figure  5:  PARP-DBD  sensitizes  human  prostate  cancer  cells  to  ionizing  radiation  and  etoposide.  A:  PARP- 
DBD  expression  enhances  DNA  damage-induced  growth  inhibition  in  prostate  carcinoma  cells.  LNCaP 
(PSA-DBD)  cells  were  maintained  in  media  containing  10%  charcoal-stripped  fetal  bovine  serum  in 
presence  (black  columns)  or  absence  (open  columns)  of  synthetic  androgen  R1881  (10  nM)  prior  to 
irradiation  (20  Gy)  or  treatment  with  etoposide  (lOpM).  Viable  cells  were  measured  by  an  MTS  assay  at 
indicated  times  and  results  are  expressed  as  a  percentage  of  mock-treated  control  (n=4).  Standard  deviations 
from  three  independent  experiments  are  indicated.  B:  Effect  of  PARP-DBD  expression  on  annexin  staining 
in  LNCaP  cells  following  to  DNA-damaging  treatments.  PSA-DBD  cells  were  maintained  in  absence  or  in 
presence  of  R1881  (10  nM)  for  24  h  prior  to  irradiation  (IR;  20  Gy)  or  treatment  with  etoposide  (10pM; 
VP- 16).  Annexin  V  binding  activity  was  determined  in  parental  LNCaP  and  PSA-DBD  cells  by  Flow 
cytometry  24  h  after  treatments.  Apoptotic  cells  are  defined  as  Annexin  V  positive  cells  and  are  expressed 
as  percentage  of  total  cell  number  in  sample  analyzed  on  FACSscan  flow'  cytometer.  Data  presented  are  the 
mean  values  determined  from  triplicate  experiments.  C:  Effect  of  PARP-DBD  expression  on  changes  of 
mitochondrial  membrane  potential  in  LNCaP  cells  following  to  DNA-damaging  treatments.  24  h  after 
treatments,  untreated  controls  (UT),  irradiated  (IR;  20  Gy)  or  etoposide-treated  (lOpM;  VP- 16)  cells  were 
stained  with  JC-1  “DePsipher”  reagent  and  analyzed  by  flow  cytometry.  Mitochondrial  potential  breakdown 
in  dying  cells  results  in  accumulation  of  green  fluorescent  JC-1  monomers,  which,  in  turn,  is  reflected  by  an 
increase  of  green  fluorescence  events.  Representative  data  (of  three  independent  experiments)  are  shown. 

These  data  indicate  that  perturbation  of  P  ARP  function  via  enforced  expression  of  its  dominant 
negative  mutant  (PARP-DBD)  results  in  enhanced  sensibility  of  prostate  cancer  cells  to  DNA 
damaging  treatments.  Considering  the  fact  that  androgens  block  apoptosis  in  LNCaP  cells 
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triggered  by  diverse  agents,  including  ionizing  radiation  (10),  our  observations  suggest  that  over¬ 
expression  of  the  PARP-DBD  augments  apoptotic  pathways  in  these  cells  in  an  androgen- 
independent  fashion.  Additional  investigations  are  required  to  further  elucidate  the  mechanisms 
for  PARP-DBD-mediated  sensitization  of  LNCaP  cells  to  DNA  damage,  as  well  as  the  enhanced 
apoptotic  responses  in  DBD-expressing  prostate  cancer  cells.  The  studies  addressing  these 
questions  are  currently  underway. 


PARP-DBD  and  DNA-damage  response. 


The  study  was  initiated  to  investigate  the  role  of  PARP-DBD  in  cellular  responses  to 
ionizing  radiation  and  DNA  damaging  treatments.  Recent  studies  have  also  implicated  PARP  in 
transcription  of  eukaryotic  genes  (11-13).  To  elucidate  mechanistical  basis  for  PARP  role  in 
transcription,  we  investigated  whether  PARP  can  be  recruited  to  gene-regulating  sequences  and 
whether  its  DNA-binding  activity  has  a  role  in  PARP -mediated  gene  regulation.  Based  on  PARP 
ability  to  interact  with  partially  unwound  DNA  (14),  we  reasoned  that  DNA  secondary  structures 
with  single-stranded  character  may  provide  potential  binding  sites  for  PARP  in  gene  regulating 
sequences  in  the  absence  of  DNA  strand  breaks.  In  this  work  we  investigated  the  interactions 
between  PARP  protein  and  DNA  structures  of  different  complexity  such  as  DNA  heteroduplexes 
carrying  stable  secondary  structures  and  superhelical  DNA  containing  PARP  promoter  sequences. 
We  found  that  PARP  can  recognize  non-canonical  conformations  (hairpins)  in  a  DNA  end- 
independent  fashion,  and  it  is  capable  of  in  vitro  binding  to  the  PARP  promoter  sequences  where 
the  dyad  symmetry  elements  may  form  the  cruciforms.  Using  a  chromatin  cross-linking  and 
immunoprecipitation  assay  we  show  that  the  human  PARP  promoter  is  an  in  vivo  target  for  PARP 
protein.  Further,  we  show  that  PARP  protein  down-regulates  its  gene  promoter,  and  that  DNA- 
binding  activity  of  PARP  is  essential  for  its  function  in  transcription  (Fig.  6). 
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Figure  6.  PARP  protein  is  a  transcriptional  repressor.  A,  PARP  promoter  (pPR-PARP)  transcriptional 
activity  in  wild-type  (PARP  +/+)  and  PARP  v'  fibroblasts.  B,  expression  of  human  PARP  or  its  DNA-binding 
domain  down-regulates  promoter  activity.  PARP  cells  were  co-transfected  with  pPR-PARP  and  plasmids 
encoding  for  full  length  PARP  b>CDI2)  or  its  truncated  mutant  (pPARP-DBD/F).  CAT  activity  of  pPR- 
PARP  in  PARP  cells  was  arbitrarily  taken  as  100%.  Means  of  triplicate  experiments  normalized  by  co- 
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transfected  P-gal  and  standard  deviations  are  indicated.  Experimental  procedures  for  these  experiments  are 
described  in  manuscript  (J,  Biol,  Chem.,  2002,  277:  665-670)  included  in  appendix. 


Our  data  suggest  that  a  hierarchy  of  PARP  function  may  exist  under  which  transcriptional 
repression  may  be  abrogated  in  response  to  DNA  damage  due  to  a  higher  affinity  of  PARP  for 
DNA  breaks  and  its  dissociation  from  DNA  following  protein  automodification  (Fig,  7).  This 
concept  integrates  PARP  functions  in  DNA  repair  (a  nick-protection  mechanism)  (15)  and  in 
transcriptional  control  of  gene(s)  involved  in  immediate  cellular  response  to  ionizing  radiation  and 
DNA  damaging  drugs. 
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Figure  7.  A  model  for  PARP-mediated  regulation  of  transcription,  I,  in  undamaged  cells,  unmodified  PARP 
molecules  bind  to  the  DNA  secondary  structures  within  the  gene  promoter  (denoted  by  a  striped  box).  Such 
macromolecular  interactions  between  PARP  protein  and  a  promoter  region  constitute  a  repressor  function 
for  PARP  in  transcription,  II,  in  response  to  DNA  damage,  PARP  bmding  to  the  DNA  ends  triggers  its 
catalytic  activity.  Subsequent  poly(ADP-ribosy)ation  of  free  and  bound  PARP  in  the  presence  of 
intracellular  NAD+  prevents  its  interaction  with  the  promoter  regions.  This  alleviates  the  PARP-mediated 
block  on  the  promoter  and  up-regulate  transcription  of  its  own  and  other  genes  involved  in  the  DNA 
damage  response.  Ill,  the  DNA-binding  activity  of  PARP  is  restored  following  DNA  damage  repair  and  the 
degradation  of  the  ADP-ribose  polymers  by  poly(ADP-ribose)  glycohydrolase  leading  to  re-assembly  of 
PARP-promoter  complexes  and  inhibition  of  transcription. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  5’-regulatory  elements  (1.3  kb  enhancer  and  0.6  kb  promoter)  of  the  human  PSA  gene  were 
isolated  and  cloned  into  mammalian  expression  vector,  pcDNA  3.1(-). 

•  Recombinant  plasmid,  pCMV-DBD/F,  was  generated.  This  construct  permits  constitutive 
expression  of  the  human  PARP-DBD  under  control  of  the  CMV  promoter. 

•  Recombinant  plasmid,  pPSA(EP)-DBD/F,  was  generated.  This  construct  permits  the 
expression  of  the  human  PARP-DBD  in  androgen-inducible  and  PSA-dependent  fashion. 

•  LNCaP  cell  subline  stably  expressing  functionally  active  PARP-DBD  under  control  of  CMV 
promoter  was  developed. 

•  LNCaP  cell  subline  stably  expressing  PARP-DBD  under  control  of  PSA  promoter  regulatory 
elements  was  developed. 

•  We  demonstrated  that  PSA  promoter  driven  PARP-DBD  expression  in  LNCaP  cells  shows 
tissue-specificity  and  responsiveness  to  androgens. 

•  We  demonstrated  that  DNA-binding  activity  of  PARP  is  essential  for  its  function  in 
regulation  of  gene  expression,  and  that  PARP-DBD  may  interfere  with  PARP-mediated 
regulation  of  transcription. 

•  We  demonstrated  that  enforced  expression  of  the  PARP-DBD  sensitizes  LNCaP  cells  to 
DNA-damaging  treatments 
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Cell  lines  developed: 

•  LNCaP/CMV-DBD,  LNCaP  cells  stably  transfected  with  pCMV-DBD/F 

•  LNCaP/PSA(e/p)-DBD,  LNCaP  cells  stably  transfected  with  pPSA(e/p)-DBD/F 
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CONCLUSION 


Although  many  prostate  cancer  cells  are  deficient  in  DNA  mismatch  repair,  they  are  resistant 
to  ionizing  radiation  and  DNA-damaging  drugs.  Therefore,  targeting  molecular  components  that 
are  critically  involved  in  maintenance  of  genome  stability  is  a  promising  approach  directed  at 
overcoming  intrinsic  tumor  cell  resistance  to  DNA-damaging  treatments.  From  this  point  of  view, 
the  strategy  described  here  represents  a  novel  starting  point  for  the  design  of  PARP -based 
molecular  therapies  targeting  prostate  cancer  in  vivo.  First,  this  approach  utilizes  tissue-specific 
(prostate  carcinoma)  and  treatment-specific  (DNA  damage)  gene  therapy  for  prostate  cancer.  Next, 
to  avoid  the  potential  side  effects  due  to  expression  of  PSA  in  tissues  other  than  prostate,  tumor 
cells  are  targeted  using  an  agent  that  is  not  functionally  active  in  the  absence  of  massive  DNA 
damage  and,  therefore,  would  not  be  toxic  to  cells  outside  of  the  irradiated  volume  or  pose  a 
genetic  risk  to  the  patient.  Furthermore,  PARP-DBD  mediated  cell  death  is  independent  of  cell 
proliferation  states  since  both  non-dividing  cells  and  rapidly  proliferating  cancer  cells  cannot 
survive  the  massive  accumulation  of  long-lived  damage  in  the  genome.  Thus,  targeting  tumor  cells 
with  the  PARP-DBD  can  be  beneficial  especially  for  the  control  of  prostate  cancer,  since  prostate 
cancers  usually  grow  very  slow.  These  properties  of  the  PARP-DBD  are  in  marked  contrast  to 
conventional  chemotherapeutic  drugs,  which  primarily  target  proliferating  cells. 

In  summary,  the  plasmid  vector  developed  in  this  study  permits  the  expression  of  the  human 
PARP-DBD  in  an  androgen-inducible  and  PSA-dependent  fashion  and  sensitizes  prostatic 
adenocarcinoma  cells  to  DNA-damaging  treatments.  These  results  provide  a  proof-of-principle  for 
a  novel  therapeutic  strategy  to  control  prostate  cancer. 
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SUIVIMARY  PoIy(ADP-ribose)  polymerase  (PARP)  catalyzes  the  transfer  of  successive 
units  of  ADP-ribose  moiety  from  NAD+  covalently  to  itself  and  other  nuclear  acceptor 
proteins.  PARP  is  a  zinc  finger-containing  protein,  allowing  the  enzyme  to  bind  to  either 
double-  or  single-strand  DMA  breaks  without  anyT  apparent  sequence  preference.  The 
catalytic  activity  of  PARP  is  strictly  dependent  on  the  presence  of  strand  breaks  in  DNA 
and  is  modulated  by  the  level  of  automodification.  Data  from  many  studies  show  that 
PARP  is  involved  in  numerous  biological  functions,  all  of  which  are  associated  with  the 
breaking  and  rejoining  of  DNA  strands,  and  plays  a  pivotal  role  in  DNA  damage  repair. 
Recent  advances  in  apoptosis  research  identified  PARP  as  one  of  the  intracellular  “death 
substrates”  and  demonstrated  the  involvement  of  polymerase  in  the  execution  of  pro¬ 
grammed  cell  death.  This  review  summarizes  the  biological  effects  of  PARP  function  that 
may  have  a  potential  for  targeted  sensitization  of  tumor  cells  to  genotoxic  agents  and 
radiotherapy,  hit.  J.  Cancer  (Radiat.  Oncol.  Invest.)  90,  59-67  (2000).  ©  2000  Wiley-Liss,  Inc. 
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INTRODUCTION 

Poly(ADP-ribose)  polymerase  (PARP,  EC 
2.4.2.30)  is  a  chromatin-associated  enzyme  that 
catalyzes  the  transfer  of  successive  units  of  ADP- 
ribose  moiety  from  NAD+  covalently  to  itself  and 
other  nuclear  acceptor  proteins.  The  catalytic  activ¬ 
ity  of  PARP  is  strictly  dependent  on  the  presence  of 
strand  breaks  in  DNA  and  is  modulated  by  the  level 
of  automodification.  On  the  basis  of  the  nature  and 
functions  of  acceptor  proteins  and  the  dependency 
of  PARP  on  DNA  strand  breaks  for  catalytic  activ¬ 
ity,  it  has  been  suggested  that  PARP-dependent 
protein  modification  has  a  role  in  important  cellular 


processes  that  require  DNA  cleavage  and  rejoining 
reactions,  such  as  DNA  replication,  recombination 
and  repair,  cell  cycle  regulation,  cell  differentia¬ 
tion,  and  neoplastic  transformation  [reviewed  in 
1-5].  Much  of  the  experimental  data  in  support  of 
these  functions  derive  from  studies  of  the  effect  of 
chemical  inhibitors  of  polymerase  activity  [6-8]. 
Because  these  chemical  inhibitors  lack  specificity 
and  exert  pleiotropie  effects  not  directly  related  to 
PARP  function,  such  studies  remain  controversial 
[9,10]. 

Recent  advances  in  molecular  biology  and  ge¬ 
netics  of  the  PARP  gene  have  bridged  the  gap  be- 
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tween  the  proposed  roles  for  the  polymerase  and 
the  factual  molecular  basis  of  its  function.  In  addi¬ 
tion  to  its  role  in  DNA  damage  repair,  the  involve¬ 
ment  of  PARP  has  been  implicated  in  regulation  of 
gene  expression  [11-14]  and  execution  of  pro¬ 
grammed  cell  death  [15-18].  Cumulatively,  these 
findings  suggest  PARP  plays  a  fundamental  role 
both  in  normal  function  of  eukaryotic  cells  and  in 
cellular  response  to  DNA  damage.  This  article  re¬ 
views  the  role  for  PARP  in  cellular  responses  to 
DNA  damage  and  attempts  to  integrate  this  knowl¬ 
edge  with  potential  implications  of  PARP-  targeted 
interventions  for  sensitizing  mammalian  tumor 
cells  to  radiation  therapy  and  chemotherapy  using 
genotoxic  agents. 

POLY(ADP-RIBOSYLATION)  OF 
NUCLEAR  PROTEINS 

The  nuclear  enzyme  PARP  is  found  in  almost  all 
eukaryotic  cells  [1],  with  the  only  known  exception 
being  yeast  [19].  PARP  is  a  major  nonhistone  chro¬ 
mosomal  protein  and  is  present  in  large  concentra¬ 
tion  (approximately  1  enzyme  molecule  per  50 
nucleosomes)  in  eukaryotic  nuclei  [20].  The  poly¬ 
merase  has  a  high  binding  affinity  for  blunt  ends  of 
DNA  and  3'  single-base  overhands  compared  with 
long  overhands;  the  affinity  of  PARP  for  nicks  in 
DNA  is  fourfold  less  than  for  blunt  ends  [21],  The 
catalytic  activity  of  polymerase  is  strongly  stimu¬ 
lated  after  binding  of  the  enzyme  to  broken  DNA 
ends.  Benjamin  and  Gill  [22]  have  shown  a  linear 
relationship  between  the  number  of  nicks  in  DNA 
and  polymerase  activity.  Moreover,  the  type  of 
break  is  also  significant  for  PARP  stimulation  [23]. 
Yamanaka  et  al.  [20]  estimated  that  only  about  1% 
of  the  total  polymerase  molecules  would  be  active 
under  physiological  conditions  and  in  the  absence 
of  massive  production  of  DNA  strand  breaks. 

This  enzyme  transfers  the  ADP-ribosyl  part  of 
NAD+  either  to  nuclear  proteins  or  to  itself  to  gen¬ 
erate  long,  branched,  and  negatively  charged  poly- 
(ADP-ribose)  chains.  When  PARP  is  hyper(ADP- 
ribosyljated,  it  acquired  a  high  negative  charge, 
becomes  repulsed  from  DNA,  and  thus  is  inacti¬ 
vated  [23].  On  modified  proteins,  poly(ADP- 
ribose)  turns  over  very  rapidly,  with  a  half-life  of 
less  than  1  min  [24].  The  ADP-ribose  polymer  is 
hydrolyzed  by  poly( ADP-ribose)  glycohydrolase  to 
yield  ADP-ribose,  and  the  latter  is  subsequently 
hydrolyzed  by  phosphodiesterase  to  5'-AMP  and 
ribose  5-phosphate  as  final  products  [25].  Thus,  the 
balanced  actions  of  poly(ADP-ribose)  polymerase 
and  glycohydrolase  could  mediate  transient  physi¬ 
ological  changes  in  chromatin  structure  and  regu¬ 
late  functional  activity  of  nuclear  proteins. 


The  gene  for  PARP  was  cloned  [26]  and 
mapped  to  chromosome  1  at  q41-q42  [27].  The 
cDNA  encoding  the  human  enzyme  (approximately 
3.7  kb  length)  contains  an  open  reading  frame  cod¬ 
ing  for  a  1,014  amino  acids  polypeptide  with  a 
calculated  molecular  weight  of  113  kDa  [26,27]. 
Three  distinct  functional  domains  are  recognized 
by  limited  proteolysis  of  the  purified  enzyme:  1)  a 
46  kDa  N-terminal  domain,  2)  a  22  kDa  centrally 
located  automodification  domain,  and  3)  a  54  kDa 
carboxy-terminal  catalytic  domain  [28].  The 
amino-terminal  DNA-binding  domain  contains  two 
putative  zinc-binding  motifs  that  may  be  respon¬ 
sible  for  the  protein’s  specificity  to  bind  double  and 
single-strand  breaks  on  DNA  [29].  The  automodi¬ 
fication  domain  of  PARP  contains  protein-protein 
binding  motifs  involved  in  recognition  and  stabili¬ 
zation  of  homodimeric  and  heterodimeric  PARP- 
DNA  complexes  [30]  and  15  highly  conserved  Glu 
residues  that  may  act  as  automodification  sites  [31]. 
The  C-terminal  region  is  the  NAD+-binding  site 
[32]. 

The  binding  of  PARP  to  the  broken  DNA  ends 
triggers  a  500-fold  stimulation  of  ADP-ribose  poly¬ 
mer  synthesis  [33]  and  subsequent  modification  of 
various  nuclear  acceptor  proteins  with  very  strong 
polyanion.  Poly(ADP-ribosyl)ation  of  proteins  has 
profound  effects  on  chromosomal  architecture  and 
function  of  chromosome-associated  proteins  be¬ 
cause  most  of  the  molecular  targets  for  PARP  are 
DNA-binding  proteins.  The  data  summarized  in 
Table  1  [11,12,34-53]  indicate  that  the  protein- 
protein  or  protein-DNA  interactions  involving 
PARP  may  have  biological  consequences  for  1) 
metabolism  of  nucleic  acids,  2)  modulation  of  chro¬ 
matin  structure,  3)  regulation  of  gene  expression, 
and  4)  maintenance  of  genome  stability. 

TRANSCRIPTIONAL 
REGULATION  OF  PARP 
GENE  EXPRESSION 

The  functional  involvement  of  poly(ADP-ribose)  in 
various  physiological  phenomena  such  as  cell  dif¬ 
ferentiation,  cell  proliferation,  and  transformation 
of  eukaryotic  cells  suggests  that  the  PARP  gene  is 
highly  regulated  at  the  level  of  transcription.  In¬ 
deed,  the  changes  in  polymerase  expression  levels 
have  been  demonstrated  under  various  cellular  con¬ 
ditions.  For  instance,  Yamanaka  et  al.  [20]  esti¬ 
mated  that  there  are  5  x  105  polymerase  molecules 
per  cell  in  resting  peripheral  blood  lymphocytes; 
this  figure  increases  fourfold  after  stimulation  to 
proliferation  with  phytohemagglutinin.  Further¬ 
more,  changes  in  levels  of  PARP  mRNA  have  been 
shown  during  cell  differentiation  [54],  cell  cycle 
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Table  1.  Protein  Substrates  for 
Poly(ADP-ribose)  Polymerase 


Function 

Protein-acceptor 

Reference 

DNA  metabolism 

DNA  polymerase  ol 

[34] 

DNA  polymerase  (3 

[34] 

DNA  ligase  I 

[34] 

DNA  ligase  11 

[34] 

Topoisomerase  I 

[35] 

Topoisomerase  II 

[36] 

Ca2+,  Mg2+-endonuclease 

[37] 

Terminal  transferase 

[34] 

Poly(ADP-ribose) 

polymerase 

[38] 

RNA  metabolism 

RNA  polymerase  I 

[39] 

RNA  polymerase  II 

[40] 

Ribonuclease 

[41] 

Protein  metabolism 

20S  Proteasome 

[42] 

Chromatin  structure 

Histones 

[43] 

HMG  proteins 

[44] 

LMG  protein 

[45] 

Lamins 

[46] 

Gene  regulation 

Fos 

[47] 

p53 

[48] 

TF„C 

[49] 

tf„f 

[HI 

TEF-1 

[12] 

Other  regulatory 

DNA-dependent  protein 

[50] 

proteins 

kinase 

Numatrin/B23 

[51] 

Nucleolin/C23 

[52] 

PCNA 

[53] 

progression  [55,56],  lymphocyte  activation  [20,57], 
and  liver  regeneration  [58].  However,  despite  nu¬ 
merous  studies  on  the  function  of  PARP  in  mam¬ 
malian  cells  and  recent  advances  in  the  molecular 
genetics  of  the  PARP  encoding  gene,  very  little  is 
known  about  mechanisms  for  regulation  of  PARP 
gene  transcription. 

The  5 '-regulatory  region  of  the  PARP  gene 
has  been  isolated  from  normal  human  liver  and 
lymphoid  cells  [59-61]  and  from  Ewing’s  sarcoma 
cells  that  express  PARP  at  unusually  high  levels 
[62].  This  upstream  gene  promoter  exhibits  features 
typical  of  TATA-deficient,  G+C-rich  class  of  pro¬ 
moters.  Genes  controlled  by  this  type  of  promoter 
include  many  that  are  highly  regulated  and  func¬ 
tionally  important  [reviewed  in  63],  Several  lines  of 
evidence  have  suggested  that  PARP  gene  expres¬ 
sion  is  also  regulated  at  the  level  of  transcription. 
First,  previously  recognized  features  of  the  PARP 
promoter  have  indicated  a  number  of  possible 
trans-acting  factors  including  the  presence  of  dyad 
symmetry  units,  SP1,  and  AP-2  transcription  factor 
binding  sites  [59,60,64],  Next,  the  induction  of 
PARP  gene  expression  in  response  to  cAMP  and 


phorbol  esters  has  been  demonstrated  in  vitro  and 
in  vivo  [60],  More  recently,  a  mechanism  of  PARP 
gene  autoregulation  has  been  proposed,  involving 
the  specific  interactions  between  PARP  protein  and 
cruciform  structures  located  in  the  distal  region  of 
the  PARP  promoter  [61]. 

PARP  gene  expression  is  maintained  at  rela¬ 
tively  low  levels  in  most  human  tissues,  suggesting 
the  existence  of  intrinsic  mechanisms  for  the  auto¬ 
regulation  of  the  endogenous  content  of  PARP  pro¬ 
tein  [54].  In  contrast,  Ewing  sarcoma  (EWS)  cells 
accumulate  PARP  mRNA,  protein,  and  polymerase 
activity  [65]  at  levels  that  would  cause  the  death  of 
other  cell  types.  Therefore,  EWS  cells  represent  a 
unique  model  for  investigating  PARP  transcrip¬ 
tional  regulation  with  regard  to  the  identification  of 
the  transcription  effectors  responsible  for  the  un¬ 
usually  high  levels  of  PARP  in  these  primitive  neu¬ 
roectodermal  tumor  cells.  The  5 '-flanking  region  of 
the  PARP  gene  from  EWS  cells  has  been  recently 
cloned  and  analyzed  [62],  Nucleotide  sequence 
analysis  of  the  cloned  fragment  revealed  no  re¬ 
markable  differences  in  the  sequences  reported  for 
PARP  promoter  regions  isolated  from  normal  hu¬ 
man  cells  [59,60].  These  data  suggest  the  enhanced 
levels  of  PARP  in  EWS  cells  relative  to  normal 
cells  could  be  due  to  transcriptional  upregulation  of 
the  PARP  promoter  rather  than  to  sequence  differ¬ 
ences  within  the  PARP  5 '-regulatory  region.  In¬ 
deed,  it  was  demonstrated  that  transcriptional  ac¬ 
tivity  of  the  PARP  promoter  correlates  with  protein 
expression  levels  in  vitro  [62,64].  One  remarkable 
feature  of  the  PARP  gene  promoter  is  that  it  con¬ 
tains  multiple  ETS-binding  sties  surrounding  the 
transcription  start  site.  The  ETS  multigene  family 
encodes  a  class  of  eukaryotic  transcription  factors 
that  share  a  highly  conserved  DNA-binding  se¬ 
quence,  referred  to  as  the  ETS  domain  [reviewed  in 
66].  Recently,  it  has  been  demonstrated  that  ETS1 
transcription  factor  is  capable  of  transactivating  the 
PARP  promoter  in  vitro  and  that  PARP  gene  ex¬ 
pression  can  be  modulated  in  cells  stably  trans¬ 
fected  with  antisense  Etsl  cDNA  [62]. 

Although  these  data  suggest  the  existence  of  a 
variety  of  regulatory  factors  for  PARP  gene  expres¬ 
sion,  no  other  endogenous  PARP  transactivators 
have  been  identified  to  date.  Additional  studies  are 
required  to  understand  the  role  of  transcriptional 
factors  and  cis-acting  elements  in  the  regulation  of 
the  PARP  gene  expression.  These  investigations 
may  provide  an  approach  for  the  manipulation  of 
endogenous  PARP  levels  in  human  tumor  cells  and, 
therefore,  for  the  modulation  of  their  response  to 
ionizing  radiation  and  DNA-damaging  drugs  to  im¬ 
prove  the  outcome  of  antitumor  therapies. 
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PARP  SIGNALING 
DOWNSTREAM  OF 
DNA  BREAKS 

Initial  evidence  supporting  functional  involvement 
of  PARP  in  DNA  repair  and  maintenance  of  geno¬ 
mic  stability  has  been  obtained  from  studies  using 
PARP  competitive  inhibitors  (i.e.,  benzamide  and 
its  derivatives).  Treatment  of  cells  with  chemical 
PARP  inhibitors  slows  DNA  repair,  increases  the 
activity  of  sister  chromatid  exchanges,  and  consid¬ 
erably  increases  the  cytotoxicity  of  DNA-damaging 
treatments  [2,4,8,67].  Although  these  data  indicate 
that  PARP  may  play  a  pivotal  role  in  DNA  damage 
repair,  the  limited  specificity  of  PARP  chemical 
inhibitors  often  raises  questions  about  the  validity 
of  the  results  and  interpretation  of  these  studies 
[9,10].  Cloning  the  PARP  gene  [26,27]  has  allowed 
circumvention  of  most  of  these  problems  by  using 
genetically  engineered  models  both  in  vivo  and  in 
vitro.  Some  of  these  molecular  approaches  include 
the  depletion  of  endogenous  PARP  protein  by  an¬ 
tisense  RNA  induction,  the  use  of  deletion  mutants 
of  PARP,  the  use  of  “knockout”  mice  with  dis¬ 
rupted  PARP  gene,  trans-dominant  inhibition  of 
PARP  activity  by  over  expression  of  its  DNA- 
binding  domain,  and  expression  of  the  caspase- 
resistant  PARP  mutant  in  mammalian  cells  [re¬ 
viewed  in  68,  69-72]. 

Cell  culture  systems  have  demonstrated  that 
PARP  is  involved  in  numerous  biological  func¬ 
tions,  all  of  which  are  associated  with  breaking  and 
rejoining  DNA  strands  [68].  Eukaryotic  cells  ex¬ 
pressing  PARP  antisense  cDNA  have  a  pronounced 
lag  in  initiation  of  DNA  repair,  which  results  in 
altered  chromatin  structure  and  reduced  survival 
after  exposure  to  DNA-damaging  agents  [73].  It 
has  been  hypothesized  that  PARP  cycles  between 
an  unmodified  form,  which  blocks  DNA  strand 
ends,  and  a  modified  form,  which  is  released  from 
DNA,  thereby  allowing  access  of  repair  enzymes 
[4].  The  “PARP  cycling”  was  recently  demon¬ 
strated  in  an  in  vitro  DNA  repair  system  using  de¬ 
letion  mutants  of  PARP  [74], 

Mice  lacking  PARP  as  a  result  of  gene  disrup¬ 
tion  exhibit  diverse  phenotypes.  Whereas  animals 
of  one  strain  show  epidermal  hypertrophy  and  obe¬ 
sity  [75],  those  of  another  strain  exhibit  growth 
retardation,  aberrant  apoptosis,  and  increased  sen¬ 
sitivity  to  DNA-damaging  agents  [76].  Further¬ 
more,  immortalized  fibroblasts  derived  from  exon  2 
PARP  knockout  mice  (PARP-/-)  exhibit  mixed 
ploidy,  including  a  tetraploid  cell  population,  in¬ 
dicative  of  genomic  instability  [77].  Comparative 
genomic  hybridization  revealed  gains  in  regions  of 


chromosomes  4,  5,  and  14,  as  well  as  deletion  of  a 
region  of  chromosome  14  (encompassing  the  Rb 
tumor-suppressor  gene)  in  both  liver  tissue  and  im¬ 
mortalized  fibroblasts  derived  from  the  PARP-/- 
animals.  Neither  the  chromosomal  gains  nor  the 
tetraploid  population  were  apparent  in  PARP-/- 
cells  that  had  been  stably  transfected  with  PARP 
cDNA  [77],  implicating  PARP  in  the  maintenance 
of  genomic  stability. 

The  possible  involvement  of  PARP  in  cell- 
cycle  checkpoint  mechanisms  after  DNA- 
damaging  treatments  has  long  been  suggested 
[55,56,78].  Excessive  turnover  of  poly(ADP- 
ribose)  in  response  to  DNA  damage  depletes  cells 
of  their  NAD+  and  at  the  same  time  or  shortly 
thereafter,  ATP  levels  drop  [67].  This  depletion 
leads  to  an  overall  decrease  of  cell  metabolism  and 
slows  down  the  rate  of  cell  proliferation,  thereby 
strengthening  the  efficiency  of  DNA  damage  repair 
[79].  However,  this  effect  is  not  simply  the  result  of 
a  generalized  decrease  in  intracellular  ATP  levels, 
but  likely  to  be  caused  by  impaired  function  of 
cell-cycle  regulatory  proteins.  Recently,  Masutani 
et  al.  [80]  demonstrated  in  vitro  that  PARP  can 
directly  block  the  cell  cycle  under  DNA-damaging 
conditions  by  inhibition  of  cdk  activity  on  pRB- 
phosphorylation.  Furthermore,  a  functional  asso¬ 
ciation  of  PARP  and  tumor-suppressor  protein  p53 
has  recently  been  demonstrated.  It  was  shown  that 
p53  is  poly(ADP-ribosyl)ated  in  vitro  by  purified 
PARP  [81],  and  that  PARP  is  required  for  rapid 
accumulation  of  p53,  activation  of  p53  sequence- 
specific  DNA  binding,  and  its  transcriptional  activ¬ 
ity  after  DNA  damage  [82],  In  turn,  the  accumula¬ 
tion  of  p53  leads  to  inhibition  of  cell-cycle 
progression,  thereby  preventing  the  proliferation  of 
damaged  cells  [83]. 

Taken  together,  these  data  suggest  that  PARP 
is  an  important  element  of  cellular  response  to 
genotoxic  stress  acting  as  a  component  of  the 
DNA-repair  machinery  and  as  part  of  the  check¬ 
point  pathway,  thereby  preventing  cells  carrying 
damaged  DNA  from  unrestrained  DNA  replication 
or  entering  mitosis  (Fig.  1).  Therefore,  inactivation 
of  PARP  may  have  therapeutic  implications,  be¬ 
cause  it  will  render  cell  particularly  sensitive  to 
DNA  damaging  agents  due  to  impairment  of  cellu¬ 
lar  recovery  from  DNA  damage. 

PARP  AND  PROGRAMMED 
CELL  DEATH 

The  “cytoprotective”  function  of  PARP  is  dramati¬ 
cally  changed  when  the  massive  DNA  damages 
cannot  be  effectively  repaired.  Damaged  cells  that 
fail  to  pass  the  DNA  damage  checkpoint  are  elimi- 
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Fig.  1.  Poly(ADP-ribosyl)ation  of  nuclear  proteins  in  cel¬ 
lular  response  to  DNA  damage. 

nated  by  a  programmed  self-destruction  proeess 
commonly  termed  apoptosis  [84].  Upon  activation 
of  cellular  suicide  (apoptosis),  PARP  is  recruited  to 
participate  in  the  execution  of  the  cell  death  pro¬ 
gram,  serving  as  a  “death  substrate.” 

The  requirement  of  PARP  for  execution  of 
apoptotic  pathways  has  been  recently  demonstrated 
by  using  immortalized  fibroblasts  derived  from 
wild-type  (PARP+/+)  and  PARP  knockout 
(PARP-/-)  mice  [85].  Whereas  immortalized 
PARP+/+  cells  showed  the  early  burst  of  poly- 
(ADP-ribosyl)ation  and  rapid  apoptotic  response  to 
anti-Fas  treatment,  PARP-/-  fibroblasts  exhibited 
neither  the  early  poly(ADP~ribosyl)ation  nor  any  of 
the  biochemical  or  morphological  changes  charac¬ 
teristic  of  apoptosis  when  similar  treated.  Stable 
transfection  of  PARP-/-  fibroblasts  with  wild-type 
PARP  rendered  the  cells  sensitive  to  Fas-mediated 
apoptosis.  These  results  suggest  that  PARP  and 
poly(ADP-ribosyl)ation  may  trigger  key  steps  in 
the  apoptotic  program. 

It  has  been  well  recognized  that  limited  pro¬ 
teolysis  of  PARP  by  caspases  family  of  cysteine 
proteases  is  an  early  event  or  perhaps  a  prerequisite 
for  the  execution  of  programmed  cell  death  in  vari¬ 
ous  mammalian  cells  [15-17,86].  The  caspase- 
specific  DEVD  motif  resides  adjacent  to  the 


nuclear  localization  signal  of  PARP  protein.  Cleav¬ 
age  of  PARP  at  this  site  results  in  the  separation  of 
the  two  zinc-finger  DNA-binding  motifs  in  the 
amino  terminus  of  PARP  from  the  automodifica¬ 
tion  and  catalytic  domains  located  in  the  carboxyl 
terminus  of  the  enzyme  [17].  Consequently,  this 
cleavage  excludes  the  catalytic  domain  from  being 
recruited  to  the  sites  of  DNA  fragmentation  during 
apoptosis  and  presumably  disables  PARP  from  co¬ 
ordinating  subsequent  repair  of  genome  mainte¬ 
nance  events  [74].  Recently,  the  irreversible  find¬ 
ing  of  the  24  kDa  proteolytic  fragment  of  PARP  to 
broken  DNA  ends  has  been  directly  demonstrated 
by  atomic  force  microscopy  [87].  The  significance 
of  PARP  cleavage  and  DNA-binding  domain 
(DBD)  of  PARP  (PARP-DBD)  accumulation  for 
execution  of  apoptosis  has  been  investigated  by  us¬ 
ing  stable  cell  lines  constitutively  expressing 
PARP-DBD  [18,70].  Enforced  expression  of  the 
N-terminal  fragment  of  PARP  containing  the  DBD 
in  cultured  mammalian  cells  led  to  trans-dominant 
inhibition  of  the  resident  PARP  activity  and  delay 
in  DNA  strand  break  rejoining.  Furthermore,  expo¬ 
sure  of  PARP-DBD-expressing  cells  to  DNA  dam¬ 
aging  agents  and  ionizing  radiation  resulted  in  a 
marked  reduction  of  cell  survival,  increased  fre¬ 
quency  of  sister  chromatid  exchanges,  inhibition  of 
cell  proliferation,  and  induction  of  apoptosis 
[18,70]. 

PARP  cleavage  by  caspase(s)  occurs  early  in 
apoptosis,  before  or  soon  after  the  appearance  of 
intemucleosomal  fragmentation  of  DNA  [15-17],  a 
biochemical  hallmark  for  programmed  cell  death. 
Although  several  nucleases  are  implicated  in  the 
mechanisms  of  chromosomal  DNA  disintegration 
in  dying  cells  [reviewed  in  88],  it  has  been  sug¬ 
gested  that  Ca2+/Mg2+-dependent  endonuclease 
(CME)  is  responsible  for  cleavage  of  genome  DNA 
at  intemucleosomal  sites  [89]  during  the  late  phase 
of  apoptosis  execution  in  most  of  the  eukaryotic 
cells.  This  endonuclease  is  maintained  in  a  latent 
form  by  poly(ADP-ribosyl)ation  [37].  Conse¬ 
quently,  inactivation  of  PARP  by  caspases  may  re¬ 
sult  in  CME  derepression  and  thereby  promote 
fragmentation  of  genome  DNA.  The  plausibility  of 
such  a  mechanism  has  been  demonstrated  in  vitro 
using  endonucleolysis  of  isolated  nuclei  as  a  model 
in  the  presence  of  PARP  inhibitors  [90].  In  addi¬ 
tion,  the  inactivation  of  poly(ADP-ribosyl)ation 
might  facilitate  the  accessibility  of  endonucleases 
to  chromatin  in  dying  cells.  Indeed,  downregulation 
of  PARP  expression  by  antisense  mRNA  delivery 
to  cells  resulted  in  an  increased  accessibility  of  mi¬ 
crococcal  nuclease  to  nuclear  DNA  in  chromatin 
[73]. 
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Recent  studies  suggest  that  apoptosis  is  an  en¬ 
ergy-requiring  process  and  that  an  intracellular 
adenosine  triphosphate  level  influences  the  mode 
of  cell  death — apoptosis  or  necrosis  [91].  Render¬ 
ing  PARP  catalytically  inactive  by  caspase  cleav¬ 
age  would  prevent  the  decrease  in  the  content  of 
NAD+  and  ATP,  thus  providing  the  source  of  in¬ 
tracellular  energy  needed  for  execution  of  the  cell 
death  program.  This  idea  has  been  supported  in 
recent  studies  designed  to  prevent  PARP  proteoly¬ 
sis  by  introduction  of  point  mutations  into  the 
DEVD  cleavage  site  to  produce  the  “uncleavable” 
mutant  protein.  The  mammalian  cells  expressing 
the  caspase-resistant  PARP  protein  in  a  PARP-null 
background  exhibited  accelerated  tumor  necrosis 
factor-alpha-induced  cell  death  and  increased  ap¬ 
optosis  [92,93].  These  data  suggest  that  PARP 
cleavage  prevents  necrosis  associated  with  deple¬ 
tion  of  NAD+  and  ATP  to  ensure  appropriate  ex¬ 
ecution  of  programmed  cell  death.  However,  the 
PARP-mediated  changes  in  intracellular  NAD+  and 
ATP  content  do  not  always  occur  in  cells  undergo¬ 
ing  apoptosis  [94,95].  Therefore,  the  cause-effect 
relationship  of  NAD+  depletion  to  apoptosis  execu¬ 
tion  should  be  viewed  critically. 

CONCLUDING  REMARKS 

Recent  developments  in  molecular  genetics  of  the 
PARP  gene  and  availability  of  PARP-deficient 
cells  from  transgenic  knockout  mice  allowed  re- 
evaluation  of  the  biological  functions  of  this  unique 
modification  of  nuclear  proteins  in  the  maintenance 
of  cell  surveillance.  An  early  transient  burst  of 
poly(ADP-ribosyl)ation  in  response  to  DNA  dam¬ 
age  and  subsequent  inactivation  of  PARP  during  an 
execution  stage  of  apoptosis  indicate  that  PARP 
has  active  and  complex  roles  in  mechanisms  of 
cellular  stress  response  and  in  pathways  leading  to 
programmed  cell  death.  PARP  activity  appears  to 
be  necessary  for  maintenance  of  genome  stability 
in  normal  living  cells  and  during  the  adaptive  phase 
of  cellular  response  to  the  genotoxic  stress.  This 
“pro-life”  function  of  PARP  is  switched  to  a  “pro¬ 
death”  function,  when  cells  are  not  capable  of  en¬ 
during  the  sustained  DNA  damage  in  the  genome 
and  are  to  be  eliminated  via  apoptosis.  The  cleav¬ 
age  of  PARP  that  occurs  during  the  execution 
phase  of  apoptosis  might  help  avoid  unnecessary 
DNA  repair  in  dying  cells,  facilitate  nuclear  disin¬ 
tegration,  and  preserve  the  energy  needed  for  the 
biochemical  cascade  of  events  culminating  in  ap¬ 
optosis,  thus  ensuring  the  completion  and  irrevers¬ 
ibility  of  the  cell  death  process  (Fig.  1).  Therefore, 
the  development  of  gene-engineered  approaches  to 
target-specific  inactivation  of  PARP  in  mammalian 


cells  may  lower  the  apoptosis  threshold  in  cancer 
cells,  thereby  enhancing  the  effectiveness  of  both 
chemotherapy  agents  and  radiotherapy.  This  may 
lay  the  groundwork  for  the  long-awaited  translation 
of  scientific  gains  from  investigations  on  PARP 
function  to  in  vivo  treatment  of  cancer. 

ACKNOWLEDGMENTS 

We  thank  Dr.  Anatoly  Dritschilo  for  stimulating 
discussion  and  Frank  McDermott  for  assistance 
with  manuscript  preparation. 

REFERENCES 

1.  Althaus  FR,  Richter  C.  ADP-ribosilation  of  proteins. 
Enzymology  and  biological  significance.  Mol  Biol  Bio- 
chem  Biophys  1987;37:1-237. 

2.  Cleaver  JE,  Morgan  WF.  Poly(ADP-ribose)  polymer¬ 
ase:  a  perplexing  participant  in  cellular  responses  to 
DNA  breakage.  Mutat  Res  1991;257:1-18. 

3.  Boulikas  T.  Relation  between  carcinogenesis,  chroma¬ 
tin  structure  ans  poly(ADP-ribosylation).  Anticancer 
Res  1991;11:489-528. 

4.  Satoh  MS,  Lindahl  T.  Role  of  poly(ADP-ribose)  for¬ 
mation  in  DNA  repair.  Nature  1992;356:356-358. 

5.  De  Murcia  G,  Menissier-de  Murcia  J.  Poly(ADP- 
ribose)  polymerase:  a  molecular  nick-sensor.  Trends 
Biochem  Sci  1994;19:172-176. 

6.  Ohashi  Y,  Ueda  K,  Hayaishi  O,  Ikai  K,  Niwa  O.  In¬ 
duction  of  murine  teratocarcinoma  cell  differentiation 
by  suppression  of  poly(ADP-ribose)  synthesis.  Proc 
Natl  Acad  Sci  USA  1984;81:7132-7136. 

7.  Borek  C,  Morgan  WF,  Ong  A,  Cleaver  JE.  Inhibition  of 
malignant  transformation  in  vitro  by  inhibitors  of  poly- 
(ADP-ribose)  synthesis.  Proc  Natl  Acad  Sci  USA  1984; 
81:243-247. 

8.  Thraves  PJ,  Mossman  KL,  Brennan  T,  Dritschilo  A. 
Differential  radiosensitization  of  human  tumour  cells 
by  3-aminobenzamide  and  benzamide:  inhibitors  of 
poly(ADP-ribosylation).  Int  J  Radiat  Biol  1986;50: 
961-972. 

9.  Milam  KM,  Cleaver  JE.  Inhibitors  of  poly(adenosine 
diphosphate-ribose)  synthesis:  effect  on  other  meta¬ 
bolic  processes.  Science  1984;223:589-591. 

10.  Cleaver  JE,  Milam  KM,  Morgan  SF.  Do  inhibitor  stud¬ 
ies  demonstrate  a  role  for  poly(ADP-ribose)  in  DNA 
repair?  Radiat  Res  1985;101:16-28. 

11.  Rawling  JM,  Alvarez-Gonzalez  R.  TFTIF,  a  basal  eu¬ 
karyotic  transcription  factor,  is  a  substrate  for  poly- 
(ADP-ribosyl)ation.  Biochem  J  1997;324:249-53. 

12.  Butler  AJ,  Ordahl  CP.  Poly(ADP-ribose)  polymerase 
binds  with  transcription  enhancer  factor  1  to  MCAT1 
elements  to  regulate  muscle-specific  transcription.  Mol 
Cell  Biol  1999;19:296-306. 

13.  Simbulan-Rosenthal  CM,  Rosenthal  DS,  Luo  R,  Smul¬ 
son  ME.  Poly(ADP-ribose)  polymerase  upregulates 
E2F-1  promoter  activity  and  DNA  pol  alpha  expression 
during  early  S  phase.  Oncogene  1999;18:5015-5023. 

14.  Oei  SL,  Griesenbeck  J,  Schweiger  M,  Ziegler  M.  Regu- 


Soldatenkov  and  Smulson:  Poly  (ADP-ribose)  Polymerase  in  Radiation  Response 


lation  of  RNA  polymerase  II-dependent  transcription 
by  poly(ADP-ribosyl)ation  of  transcription  factors,  J 
Biol  Chem  1998;27:31644-31647. 

15.  Kaufman  SH,  Desnoyers  S,  Ottaviano  Y,  Davidson  NE, 
Poirier  GG.  Specific  proteolytic  cleavage  of  poly(ADP- 
ribose)  polymerase:  an  early  marker  of  chemotherapy- 
induced  apoptosis.  Cancer  Res  1993;53:3976-3985, 

16.  Soldatenkov  VA,  Prasad  S,  Notario  V,  Dritschillo  A. 
Radiation-induced  apoptosis  of  Ewing’s  sarcoma  cells: 
DNA  fragmentation  and  proteolysis  of  poly(ADP- 
ribose)  polymerase.  Cancer  Res  1995;55:4240-4242, 

17.  Nicholson  DW,  Ali  A,  Thomberry  NA,  Vaillancourt  IP, 
Ding  CK,  Gallant  M,  Gareau  Y,  Griffin  PR,  Labelle  M, 
Lazebnik  YA,  et  al.  Inactivation  of  poly(ADP-ribose) 
polymerase  at  the  onset  of  apoptosis  is  mediated  by  the 
ICE/CED-3-like  cysteine  protease,  CPP32.  Nature 
1995;376:37-43. 

18.  Schreiber  V,  Hunting  D,  Trucco  C,  Gowans  B,  Grun- 
wald  D,  de  Murcia  G,  de  Murcia  IM,  A  dominant¬ 
negative  mutant  of  human  poly(ADP-ribose)  polymer¬ 
ase  affects  cell  recovery,  apoptosis,  and  sister 
chromatid  exchange  following  DNA  damage.  Proc  Natl 
Acad  Sci  USA  1995;92:4753-4757. 

19.  Avila  MA,  Velasco  JA,  Smulson  ME,  Dritschilo  A, 
Castro  R,  Notario  V,  Functional  expression  of  human 
poly(ADP-ribose)  polymerase  in  Schizosaccharomyces 
pombe .  Yeast  1994;10:1003-1017, 

20.  Yamanaka  H,  Pennin  CA,  Willis  EH,  Wasson  DB,  Car- 
son  DA.  Characterization  of  human  poly(ADP-ribose) 
polymerase  with  auto-antibodies.  J  Biol  Chem  1988; 
263:3879-3883. 

21.  D? Silva  I,  Pelletier  ID,  Lagueux  J,  D’ Amours  D, 
Chaudhry  MA,  Weinfeld  M,  Lees-Miller  SP,  Poirier 
GG.  Relative  affinities  of  poly(ADP-ribose)  polymer¬ 
ase  and  DNA-dependent  protein  kinase  for  DNA  strand 
interruptions.  Biochim  Biophys  Acta  1 999; 3 430:1 19- 
126. 

22.  Benjamin  RC,  Gill  DM.  ADP-ribosylation  in  mamma¬ 
lian  cell  ghosts.  Dependence  of  poly(ADP-ribose)  syn¬ 
thesis  on  strand  breakage  in  DNA.  J  Biol  Chem  1980; 
255:10493-10501. 

23.  Benjamin  RC,  Gill  DM.  Poly(ADP-ribose)  synthesis  in 
vitro  programmed  by  damaged  DNA:  a  comparison  of 
DNA  molecules  containing  different  types  of  strand 
breaks,  J  Biol  Chem  1980;255:10502-10508. 

24.  Wielckens  K,  Schmidt  A,  George  E,  Bredehorst  R, 
Hilz  H.  DNA  fragmentation  and  NAD  depletion.  Their 
relation  to  the  turnover  of  endogenous  mono(ADP- 
ribosyl)  and  poly(ADP-ribosyl)  proteins.  J  Biol  Chem 
1982;257:12872-12877, 

25.  Miwa  M,  Tanaka  M,  Matsushima  T,  Sugimura  T.  Pu¬ 
rification  and  properties  of  glycohydrolase  from  calf 
thymus  splitting  ribose-ribose  linkage  of  poly(adeno- 
sine  diphosphate  ribose),  J  Biol  Chem  1974;249:3475- 
3482. 

26.  Alkhatib  HM,  Chen  D,  Chemey  BW,  Bhatia  KG,  No¬ 
tario  V,  Giri  Ch,  Stein  G,  Slattery  E,  Roeder  RG,  Smul¬ 
son  ME,  Cloning  and  expression  of  cDNA  for  human 
poly(ADP-ribose)  polymerase,  Proc  Natl  Acad  Sci 
USA  1987;84:1224-1228. 


65 

27.  Chemey  BW,  McBride  OW,  Chen  D,  Alkhatib  H,  Bha¬ 
tia  KG,  Hensley  P,  Smulson  ME,  cDNA  sequence,  pro¬ 
tein  structure,  and  chromosomal  location  of  the  human 
gene  for  poly  (ADP-ribose)  polymerase.  Proc  Natl  Acad 
Sci  USA  1987;84:8370-8374. 

28.  Kameshita  I,  Matsuda  Z,  Taniguchi  T,  Shizuta  Y.  Poly- 
(ADP-Ribose)  synthetase.  Separation  and  identification 
of  three  proteolytic  fragments  as  the  substrate-binding 
domain,  the  DNA-binding  domain,  and  the  automodi¬ 
fication  domain.  J  Biol  Chem  1984;259:4770-4776. 

29.  Ikejima  M,  Noguchi  S,  Yamashita  R,  Ogura  T,  Sug¬ 
imura  T,  Gill  DM,  Miwa  M,  The  zinc  fingers  of  human 
poly(ADP-ribose)  polymerase  are  differentially  re¬ 
quired  for  the  recognition  of  DNA  breaks  and  nicks  and 
the  consequent  enzyme  activation,  J  Biol  Chem  1990; 
265:21907-21913. 

30.  Mendoza-Alvarez  H,  Alvarez-Gonzalez  R.  Poly(ADP- 
ribose)  polymerase  is  a  catalytic  dimer  and  the  auto¬ 
modification  reaction  is  intermolecular,  J  Biol  Chem 
1993;268:22575-22580, 

3 1 .  Uchida  K,  Hanai  S,  Ishikawa  K,  Ozawa  Y,  Uchida  M, 
Sugimura  T,  Miwa  M,  Cloning  of  cDNA  encoding  Dro¬ 
sophila  poly(ADP-ribose)  polymerase:  leucine  zipper 
in  the  auto-modification  domain,  Proc  Natl  Acad  Sci 
USA  1993;90:3481-3485. 

32.  Takada  T,  Iida  K,  Moss  J.  Conservation  of  a  common 
motif  in  enzymes  catalyzing  ADP-ribose  transfer.  Iden¬ 
tification  of  domains  in  mammalian  transferases.  J  Biol 
Chem  1995;270:541-544. 

33.  Althaus  FR,  Kleczkowska  HE,  Malanga  M,  Muntener 
CR,  Pleschke  JM,  Ebner  M,  Auer  B.  Poly  ADP- 
ribosylation:  a  DNA  break  signal  mechanism.  Mol  Cell 
Biochem  1999;193:5-11. 

34.  Yoshihara  K,  Itaya  A,  Tanaka  Y,  Ohashi  Y,  Ito  K, 
Teraoka  H,  Tsukada  K,  Matsukage  A,  Kamiya  T.  Inhi¬ 
bition  of  DNA  polymerase  alpha,  DNA  polymerase 
beta,  terminal  deoxynucleotidyl  transferase,  and  DNA 
ligase  II  by  poly(ADP-ribosyl)ation  reaction  in  vitro, 
Biochem  Biophys  Res  Commun  1985;128:61-67, 

35.  Ferro  AM,  Olivera  BM.  Poly( ADP-ribosylation)  of 
DNA  topoisomerase  I  from  calf  thymus.  J  Biol  Chem 
1984;259:547-554, 

36.  Darby  MK,  Schmitt  B,  Jongstra-Bilen  J,  Vosberg  HP. 
Inhibition  of  calf  thymus  type  II  DNA  topoisomerase 
by  poly( ADP-ribosylation).  EMBO  J  1985;4:2129- 
2134, 

37.  Yoshihara  K,  Tanagawa  Y,  Burzio  L,  Koide  SS.  Evi¬ 
dence  for  adenosine  diphosphate  ribosylation  of  Ca2+, 
Mg2+-dependent  endonuclease.  Proc  Natl  Acad  Sci 
USA  1975;72:289-293. 

38.  Ogata  N,  Ueda  K,  Kawaichi  M,  Hayaishi  O.  Poly  (ADP- 
ribose)  synthetase,  a  main  acceptor  of  poly(ADP- 
ribose)  in  isolated  nuclei.  J  Biol  Chem  1981;256:4135- 
4147. 

39.  Muller  WE,  Zahn  RK.  Poly  ADP-ribosylation  of  DNA- 
dependent  RNA  polymerase  I  from  quail  oviduct  De¬ 
pendence  on  progesterone  stimulation.  Mol  Cell  Bio¬ 
chem  1976;12:147-159. 

40.  Taniguchi  T,  Suzuki  S,  Shizuta  Y.  Poly(ADP-ribo- 


66  Soldatenkov  and  Smulson:  Poly(ADP-ribose)  Polymerase  in  Radiation  Response 


syl)ation  of  RNA  polymerase  II  from  wheat  germ.  Bio- 
chem  Biophys  Res  Commun  1985;127:526-532. 

41.  Suzuki  H,  Quesada  P,  Farina  B,  Leone  E.  In  vitro  poly- 
(ADP-ribosyl)ation  of  seminal  ribonuclease.  J  Biol 
Chem  1986;261:6048-6055. 

42.  Ullrich  0,  Reinheckel  T,  Sitte  N,  Hass  R,  Grune  T, 
Davies  KJ.  Poly-ADP  ribose  polymerase  activates 
nuclear  proteasome  to  degrade  oxidatively  damaged 
histones.  Proc  Natl  Acad  Sci  USA  1999;96:6223-6228. 

43.  Huletsky  A,  Niedergang  C,  Frechette  A,  Aubin  R, 
Gaudreau  A,  Poirier  GG.  Sequential  ADP-ribosylation 
pattern  of  nucleosomal  histones.  ADP-ribosylation  of 
nucleosomal  histones.  Eur  J  Biochem  1985;  146:277- 
285. 

44.  Tanuma  S,  Yagi  T,  Johnson  GS.  Endogenous  ADP  ri- 
bosylation  of  high  mobility  group  proteins  1  and  2  and 
histone  HI  following  DNA  damage  in  intact  cells.  Arch 
Biochem  Biophys  1985;237:38-42. 

45.  Faraone  Mennella  MR,  Quesada  P,  Farina  B,  Leone  E, 
Jones  R.  Purification  of  non-histone  acceptor  proteins 
for  ADP-ribose  from  mouse  testis  nuclei.  Biochem  J 
1984;221:223-233. 

46.  Pedraza-Reyes  M,  Alvarez-Gonzalez  R.  01igo(3'- 
deoxy  ADP-ribosyl)ation  of  the  nuclear  matrix  lamins 
from  rat  liver  utilizing  3'-deoxy  NAD  as  a  substrate. 
FEBS  Lett  1990;277:88-92. 

47.  Amstad  PA,  Krupitza  G,  Cerutti  PA.  Mechanisms  of 
c-fos  induction  by  active  oxygen.  Cancer  Res  1992;52: 
3952-3960. 

48.  Wesierska-Gadek  J,  Bugajska-Schretter  A,  Cemi  C. 
ADP-ribosylation  of  p53  tumor  suppressor  protein:  mu¬ 
tant  but  not  wild- type  p53  is  modified.  J  Cell  Biochem 
1996;62:90-101. 

49.  Slattery  E,  Dignam  JD,  Matsui  T,  Roeder  RG.  Purifi¬ 
cation  and  analysis  of  a  factor  which  suppresses  nick- 
induced  transcription  by  RNA  polymerase  II  and  its 
identity  with  poly  (ADP-ribose)  polymerase.  J  Biol 
Chem  1983;258:5955-5959. 

50.  Ruscetti  T,  Lehnert  BE,  Halbrook  J,  Le  Trong  H,  Hoek- 
stra  MF,  Chen  DJ,  Peterson  SR.  Stimulation  of  the 
DNA-dependent  protein  kinase  by  poly  (ADP-ribose) 
polymerase.  J  Biol  Chem  1998;273:14461-4467. 

51.  Ramsamooj  P,  Notario  V,  Dritschilo  A.  Modification  of 
nucleolar  protein  B23  after  exposure  to  ionizing  radia¬ 
tion.  RadiatRes  1995;143:158-164. 

52.  Leitinger  N,  Wesierska-Gadek  J.  ADP-ribosylation  of 
nucleolar  proteins  in  HeLa  tumor  cells.  J  Cell  Biochem 
1993;52:153-158. 

53.  Simbulan-Rosenthal  CM,  Rosenthal  DS,  Iyer  S,  Bou- 
lares  H,  Smulson  ME.  Involvement  of  PARP  and  poly- 
(ADP-ribosyl)ation  in  the  early  stages  of  apoptosis  and 
DNA  replication.  Mol  Cell  Biochem  1999;193: 137— 
148. 

54.  Bhatia  K,  Pommier  Y,  Giri  C,  Fomace  AJ,  Imaizumi 
M,  Breitman  TR,  Chemey  BW,  Smulson  ME.  Expres¬ 
sion  of  the  poly  (ADP-ribose)  polymerase  gene  follow¬ 
ing  natural  and  induced  DNA  strand  breakage  and  ef¬ 
fect  of  hyperexpression  on  DNA  repair.  Carcinogenesis 
1990;11:123-128. 

55.  Masutani  M,  Nozaki  T,  Wakabayashi  K,  Sugimura  T. 


Role  of  poly(ADP-ribose)  polymerase  in  cell-cycle 
checkpoint  mechanisms  following  gamma-irradiation. 
Biochimie  1995;77:462-465. 

56.  Wein  KH,  Netzker  R,  Brand  K.  Cell  cycle-related  ex¬ 
pression  of  poly(ADP-ribosyl)transferase  in  proliferat¬ 
ing  rat  thymocytes.  Biochim  Biophys  Acta  1993;1 176: 
69-76. 

57.  Negroni  M,  Bertazzoni  U.  Differential  expression  and 
stability  of  poly (ADP-ribose)poly inerase  mRNA  in  hu¬ 
man  cells.  Biochim  Biophys  Acta  1993;1173:133-140. 

58.  Cesarone  CF,  Scarabelli  L,  Scovassi  AI,  Izzo  R,  Men- 
egazzi  M,  Carcereri  De  Prati  A,  Orunesu  M,  Bertazzoni 
U.  Changes  in  activity  and  mRNA  levels  of  poly( ADP- 
ribose)  polymerase  during  rat  liver  regeneration.  Bio¬ 
chim  Biophys  Acta  1990;1087:241-246. 

59.  Ogura  T,  Nyunoya  H,  Takahashi-Masutani  M,  Miwa 
M,  Sugimura  T,  Esumi  H.  Characterization  of  a  puta¬ 
tive  promoter  region  of  the  human  poly(ADP-ribose) 
polymerase  gene:  structural  similarity  to  that  of  the 
DNA  polymerase  beta  gene.  Biochem  Biophys  Res 
Commun  1990;167:701-710. 

60.  Yokoyama  Y,  Kawamoto  T,  Mitsuuchi  Y,  Kurosaki  T, 
Toda  K,  Ushiro  H,  Terashima  M,  Sumimoto  H, 
Kuribayashi  I,  Yamamoto  Y,  et  al.  Human  poly  (ADP- 
ribose)  polymerase  gene.  Cloning  of  the  promoter  re¬ 
gion.  Eur  J  Biochem  1990;194:521-526. 

61.  Oei  SL,  Herzog  H,  Hirsch-Kauffmann  M,  Schneider  R, 
Auer  B,  Schweiger  M.  Transcriptional  regulation  and 
autoregulation  of  the  human  gene  for  ADP-ribosyl 
transferase.  Mol  Cell  Biochem  1994;138:99-104. 

62.  Soldatenkov  VA,  Albor  A,  Patel  BK,  Dreszer  R, 
Dritschilo  A,  Notario  V.  Regulation  of  the  human  poly- 
(ADP-ribose)  polymerase  promoter  by  the  ETS  tran¬ 
scription  factor.  Oncogene  1999;18:3954-3962. 

63.  Ackerman  SL,  Minden  AG,  Yeung  CY.  The  minimal 
self-sufficient  element  in  a  murine  G+C-rich  promoter 
is  a  large  element  with  imperfect  dyad  symmetry.  Proc 
Natl  Acad  Sci  USA  1993;90:1 1865-11869. 

64.  Bergeron  MJ,  Leclerc  S,  Laniel  MA,  Poirier  GG, 
Guerin  SL.  Transcriptional  regulation  of  the  rat  poly- 
(ADP-ribose)  polymerase  gene  by  Spl.  Eur  J  Biochem 
1997;250:342-353. 

65.  Prasad  SC,  Thraves  PJ,  Bhatia  KG,  Smulson  ME, 
Dritschilo  A.  Enhanced  poly(adenosine  diphosphate  ri¬ 
bose)  polymerase  activity  and  gene  expression  in  Ew¬ 
ing’s  sarcoma  cells.  Cancer  Res  1990;50:38-43. 

66.  Wasylyk  B,  Hahn  SL,  Giovane  A.  The  Ets  family  of 
transcription  factors.  Eur  J  Biochem  1993;211:7-18. 

67.  Berger  NA.  Poly(ADP-ribose)  in  the  cellular  response 
to  DNA  damage.  Radiat  Res  1985;101:4-15. 

68.  Simbulan-Rosenthal  CM,  Rosenthal  DS,  Ding  R,  Jack- 
man  J,  Smulson  ME.  Depletion  of  nuclear  poly(ADP- 
ribose)  polymerase  by  antisense  RNA  expression:  in¬ 
fluence  on  genomic  stability,  chromatin  organization, 
DNA  repair,  and  DNA  replication.  Prog  Nucleic  Acid 
Res  Mol  Biol  1996;55:135-5 6. 

69.  Trucco  C,  Rolli  V,  Oliver  FJ,  Flatter  E,  Masson  M, 
Dantzer  F,  Niedergang  C,  Dutrillaux  B,  Menissier-de 
Murcia  J,  de  Murcia  G.  A  dual  approach  in  the  study  of 
poly(ADP-ribose)  polymerase:  in  vitro  random  muta- 


Soldatenkov  and  Smulson:  Poly(ADP-tibose)  Polymerase  in  Radiation  Response 


genesis  and  generation  of  deficient  mice.  Mol  Cell  Bio- 
chem  1999;193:53-60. 

70.  Kupper  JH,  de  Murcia  G,  Burkle  A.  Inhibition  of  poly- 
(ADP-ribosyl)ation  by  overexpressing  the  poly(ADP- 
ribose)  polymerase  DNA-binding  domain  in  mamma¬ 
lian  cells.  J  Biol  Chem  1990;265:18721-18724. 

71.  Oliver  FJ,  de  la  Rubia  G,  Rolli  V,  Ruiz-Ruiz  MC,  de 
Murcia  G,  Murcia  JM.  Importance  of  poly(ADP-ribose) 
polymerase  and  its  cleavage  in  apoptosis.  Lesson  from 
an  uncleavable  mutant  I  Biol  Chem  1998;273:33533- 
33539. 

72.  Chatterjee  S,  Berger  SI,  Berger  NA.  Poly(ADP-ribose) 
polymerase:  a  guardian  of  the  genome  that  facilitates 
DNA  repair  by  protecting  against  DNA  recombination. 
Mol  Cell  Biochem  1999;193:23-30. 

73.  Ding  R,  Smulson  ME.  Depletion  of  nuclear  poly(ADP- 
ribose)  polymerase  by  antisense  RNA  expression:  in¬ 
fluences  on  genomic  stability,  chromatin  organization 
and  carcinogen  cytotoxicity.  Cancer  Res  1994;54; 
4627-4634. 

74.  Smulson  ME,  Istock  N,  Ding  R,  Chemey  B.  Deletion 
mutants  of  poly(ADP-ribose)  polymerase  support  a 
model  of  cyclic  association  and  dissociation  of  enzyme 
from  DNA  ends  during  DNA  repair.  Biochemistry 
1994;33:6186-6191. 

75.  Wang  ZQ,  Auer  B,  Stingl  L,  Berghammer  H,  Haidacher 
D,  Schweiger  M,  Wagner  EF.  Mice  lacking  ADPRT 
and  poly(ADP-ribosyl)ation  develop  normally  but  are 
susceptible  to  skin  disease.  Genes  Dev  1995;9:509- 
520. 

76.  De  Murcia  J,  Tucco  C,  Nidergang  C,  Masson  M,  de 
Murcia  G.  Requirement  of  poly(ADP-ribose)  polymer¬ 
ase  in  recovery  from  DNA  damage  in  mice  and  cells. 
Proc  Natl  Acad  Sci  USA  1997;94:7303-7307. 

11.  Simbulan-Rosenthal  CM,  Haddad  BR,  Rosenthal  DS, 
Weaver  Z,  Coleman  A,  Luo  R,  Young  HM,  Wang  ZQ, 
Ried  T,  Smulson  ME.  Chromosomal  aberrations  in 
PARP(-/-)  mice:  genome  stabilization  in  immortalized 
cells  by  reintroduction  of  poly(ADP-ribose)  polymer¬ 
ase  cDNA.  Proc  Natl  Acad  Sci  USA  1999;96: 131 91— 
13196. 

78.  Bhatia  K,  Kang  VH,  Stein  GS,  Bustin  M,  Chemey  BW, 
Notario  V,  Haque  SJ,  Huppi  K,  Smulson  ME.  Cell 
cycle  regulation  of  an  exogenous  human  poly(ADP- 
ribose)  polymerase  cDNA  introduced  into  murine  cells. 
J  Cell  Physiol  1990;144:345-353. 

79.  Wintersberger  U,  Wintersberger  E.  Poly  ADP-ribosyla- 
tion — a  cellular  emergency  reaction?  FEBS  Lett  1985; 
188:189-191. 

80.  Masutani  M,  Nozaki  T,  Nishiyama  E,  Shimokawa  T, 
Tachi  Y,  Suzuki  H,  Nakagama  H,  Wakabayashi  K, 
Sugimura  T.  Function  of  poly(ADP-ribose)  polymerase 
in  response  to  DNA  damage:  gene-disruption  study  in 
mice.  Mol  Cell  Biochem  1999;193:149-152. 

81.  Simbulan-Rosenthal  CM,  Rosenthal  DS,  Luo  R,  Smul¬ 
son  ME.  Poly(ADP-ribosyl)ation  of  p53  during  apop¬ 
tosis  in  human  osteosarcoma  cells.  Cancer  Res  1999; 
59:2190-2194. 

82.  Wang  X,  Ohnishi  K,  Takahashi  A,  Ohnishi  T.  Poly- 
(ADP-ribosyl)ation  is  required  for  53-dependent  signal 


61 

transduction  induced  by  radiation.  Oncogene  1998;  17: 
2819-2825. 

83.  Kuerbitz  SJ,  Plunkett  BS,  Walsh  WV,  Kastan  MB. 
Wild-type  p53  is  a  cell  cycle  checkpoint  determinant 
following  irradiation.  Proc  Natl  Acad  Sci  USA  1992; 
89:7491-7495. 

84.  Wyllie  AH,  Kerr  JFR,  Currie  AR.  Cell  death:  the  sig¬ 
nificance  of  apoptosis.  Int  Rev  Cytol  1980;68:251-306. 

85.  Simbulan-Rosenthal  CM,  Rosenthal  DS,  Iyer  S,  Bou- 
lares  AH,  Smulson  ME.  Transient  poly(ADP- 
ribosyl)ation  of  nuclear  proteins  and  role  of  poly(ADP- 
ribose)  polymerase  in  the  early  stages  of  apoptosis.  J 
Biol  Chem  1998;273:13703-13712. 

86.  Soldatenkov  VA,  Notario  V,  Dritschilo  A.  Expression 
of  the  human  Bcl-2  increases  resistance  of  Ewing* s 
sarcoma  cells  to  apoptosis  and  inhibits  poly(ADP- 
ribose)  polymerase  cleavage  induced  by  radiation.  Int  J 
Oncol  1996;9:547-551. 

87.  Smulson  ME,  Pang  D,  Jung  M,  Dimtchev  A,  Cha- 
sovskikh  S,  Spoonde  A,  Simbulan-Rosenthal  CM, 
Rosenthal  D,  Yakovlev  A,  Dritschilo  A.  Irreversible 
binding  of  poIy(ADP-ribose)  polymerase  cleavage 
product  to  DNA  ends  revealed  by  atomic  force  micros¬ 
copy:  possible  role  in  apoptosis.  Cancer  Res  1998;58: 
3405-3498. 

88.  Khodarev  NN,  Sokolova  IA,  Vaughan  AT.  Mecha¬ 
nisms  of  induction  of  apoptotic  DNA  fragmentation.  Int 
J  Radiat  Biol  1998;73:455-467. 

89.  Duke  RC,  Chervenak  R,  Cohen  JJ.  Endogenous  endo¬ 
nuclease-induced  DNA  fragmentation:  an  early  event  in 
cell-mediated  cytolysis.  Proc  Natl  Acad  Sci  USA 
1 983 ;80;636 1-6365 . 

90.  Nelipovich  PA,  Nikonova  LV,  Umansky  SR.  Inhibition 
of  poly(ADP-ribose)  polymerase  as  a  possible  reason 
for  activation  of  Ca2+/Mg2+-dependent  endonculease 
in  thymocytes  of  irradiated  rats.  Int  J  Radiat  Biol  1988; 
53:749-765. 

91.  Leist  M,  Single  B,  Castoldi  AF,  Kuhnle  S,  Nicotera  P. 
Intracellular  adenosine  triphosphate  (ATP)  concentra¬ 
tion:  a  switch  in  the  decision  between  apoptosis  and 
necrosis.  J  Exp  Med  1997;185:1481-1486. 

92.  Herceg  Z,  Wang  ZQ.  Failure  of  poly(ADP-ribose)  poly¬ 
merase  cleavage  by  caspases  leads  to  induction  of  ne¬ 
crosis  and  enhanced  apoptosis.  Mol  Cell  Biol  1999;  19: 
5124-5133. 

93.  Boulares  AH,  Yakovlev  AG,  Ivanova  V,  Stoica  BA, 
Wang  G,  Iyer  S,  Smulson  M.  Role  of  poly(ADP-ribose) 
polymerase  (PARP)  cleavage  in  apoptosis.  Caspase 
3-resistant  PARP  mutant  increases  rates  of  apoptosis  in 
transfected  cells.  J  Biol  Chem  1999;274:22932-22940. 

94.  Rice  WG,  Hillyer  CD,  Harten  B,  Schaeffer  CA, 
Dorminy  M,  Lackey  DA  3d,  Kirsten  E,  Mendeleyev  J, 
Buki  KG,  Hakam  A,  Kun  E.  Induction  of  endonuclease- 
mediated  apoptosis  in  tumor  cells  by  C-nitroso- 
substituted  ligands  of  poly(ADP-ribose)  polymerase. 
Proc  Natl  Acad  Sci  USA  1992;89:7703-7707. 

95.  Bemardi  R,  Negri  C,  Donzelli  M,  Guano  F,  Torti  M, 
Prosperi  E,  Scovassi  AI.  Activation  of  poly(ADP- 
ribose)polymerase  in  apoptotic  human  cells.  Biochimie 
1995;77:378-384. 


The  Journal  of  Biological  Chemistry 

©  2002  by  The  American  Society  for  Biochemistry  and  Molecular  Biology,  Inc. 


Vol.  277,  No.  1,  Issue  of  January'  4,  pp,  665-670,  2002 
Printed  in  U.SA, 


Transcriptional  Repression  by  Binding  of  Poly(ADP-ribose) 
Polymerase  to  Promoter  Sequences* 

Received  for  publication,  September  6,  2001 
Published,  JBC  Papers  in  Press,  October  29,  2001,  DOI  10.1074/jbc.M10855120G 

Viatcheslav  A,  Soldatenkovt,  Sergey  Chasovskikht,  Vladimir  N.  Potaman§,  Irina  Trofimovat, 
Mark  E.  Smulsonl,  and  Anatoly  Dritsehilot  ; 

From  the  Departments  of  ? Radiation  Medicine  and  1L Biochemistry  and  Molecular  Biology ,  Georgetown  University  Medical 
Center,  Washington ,  D.  C.  20007  and  the  § Institute  of  Biosciences  and  Technology,  The  Texas  A&M  University  System 
Health  Science  Center,  Houston,  Texas  77030 


PolyCADP-ribose)  polymerase  (PARP)  is  a  DNA-bind- 
ing  enzyme  that  plays  roles  in  response  to  DNA  dam¬ 
age,  apoptosis,  and  genetic  stability*  Recent  evidence 
has  implicated  PARP  in  transcription  of  eukaryotic 
genes*  However,  the  existing  paradigm  tying  PARP 
function  to  the  presence  of  DNA  strand  breaks  does  not 
provide  a  mechanism  by  which  it  may  be  recruited  to 
gene-regulating  domains  in  the  absence  of  DNA  dam¬ 
age.  Here  we  report  that  PARP  can  bind  to  the  DNA 
secondary  structures  (hairpins)  in  heteroduplex  DNA 
in  a  DNA  end-independent  fashion  and  that  automodi- 
fieation  of  PARP  in  the  presence  of  NAD+  inhibited  its 
hairpin  binding  activity*  Atomic  force  microscopic  im¬ 
ages  show  that  in  vitro  PARP  protein  has  a  preference 
for  the  promoter  region  of  the  PARP  gene  in  superheli- 
eal  DNA  where  the  dyad  symmetry  elements  likely 
form  hairpins  according  to  DNase  probing.  Using  a 
chromatin  cross-linking  and  immunopreeipitation  as¬ 
say  we  show  that  PARP  protein  binds  to  the  chromo¬ 
somal  PARP  promoter  in  vivo »  Reporter  gene  assays 
have  revealed  that  the  transcriptional  activity  of  the 
PARP  promoter  is  4 -5-fold  greater  in  PARP  knockout 
cells  than  in  wild  type  fibroblasts.  Reintroduetion  of 
vectors  expressing  full-length  PARP  protein  or  its 
truncated  mutant  (DNA-binding  domain  retained  but 
lacking  catalytic  activity)  into  PARP~~  cells  has  con¬ 
ferred  transcriptional  down-regulation  of  the  PARP 
gene  promoter.  These  data  provide  support  for  PARP 
protein  as  a  potent  regulator  of  transcription  includ¬ 
ing  down-regulation  of  its  own  promoter. 


PolyCADP-ribose)  polymerase  (PARP,1  EC  2.4.2.30)  is  a  chro¬ 
matin-associated  enzyme  that  catalyzes  the  transfer  of  succes¬ 
sive  units  of  the  ADP-ribose  moiety  from  NAD'1’  to  itself  and 
other  nuclear  acceptor  proteins  (1).  PARP  is  a  zinc  finger- 
containing  protein,  which  allows  enzyme  binding  to  either  dou¬ 
ble  or  single  strand  DNA  breaks  without  any  apparent  se~ 
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PARP-DBD,  DNA-binding  domain  of  PARP;  AFM,  atomic  force  micros¬ 
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quenee  preference  (2,  3).  The  catalytic  activity  of  PARP  is 
strictly  dependent  on  the  presence  of  strand  breaks  in  DNA  and 
is  modulated  by  the  level  of  automodification  (4,  5).  Data  from 
many  studies  show  that  PARP  is  involved  in  numerous  biolog¬ 
ical  functions,  all  of  which  are  associated  with  breaking  and 
rejoining  DNA  strands,  and  it  plays  a  pivotal  role  in  DNA 
damage  repair  (2,  6™ 8). 

Recent  studies  have  implicated  PARP  in  transcription  of 
eukaryotic  genes  (9-16).  PARP-dependent  gene  regulation  in¬ 
volves  poly(ADP-ribosyl)ation  of  transcription  factors,  which, 
in  turn,  prevents  their  binding  to  specific  promoter  sequences 
(10).  The  basal  transcription  factors  TFIIF  and  TEF-1  as  well 
as  transcription  factors  TATA  box-binding  protein,  YY1,  SP-1, 
cAMP-response  element-binding  protein,  p53,  and  NFkB  are 
all  highly  specific  substrates  for  poly(ADP-ribosyl)ation  (10, 11, 
14,  16).  PARP  may  also  interact  directly  with  gene  promoters. 
For  instance,  recombinant  full-length  PARP  bound  the  DNA 
sequences  within  the  MCAT1  regulatory  element  (11)  and  to 
the  DF4  protein  binding  site  of  the  Pax-6  gene  neuroretina- 
specific  enhancer  (17).  Furthermore,  PARP  involvement  in  the 
active  transcriptional  DNA-protein  complex  formation  on  Reg 
promoter  has  been  recently  reported  (12).  Together  these  ob¬ 
servations  suggest  that  PARP  may  exert  its  function  in  tran¬ 
scription  through  direct  binding  to  the  gene-regulating  se¬ 
quences  and  through  modification  of  transcription  factors  by 
poly(ADP-ribosyl)ation.  However,  total  dependence  of  PARP 
function  on  DNA  strand  breaks  (5)  does  not  provide  a  mecha¬ 
nism  by  which  it  may  ADP-ribosylate  transcription  regulators 
and  be  recruited  to  gene-regulating  sequences  in  the  absence  of 
DNA  damage. 

Based  on  the  ability  of  PARP  to  interact  with  partially  un¬ 
wound  DNA  (18,  19),  we  reasoned  that  DNA  secondary  struc¬ 
tures  with  single-stranded  character  may  provide  potential 
binding  sites  for  PARP  in  gene-regulating  sequences  in  the 
absence  of  DNA  strand  breaks.  In  this  work  we  investigated 
the  interactions  between  PARP  protein  and  DNA  structures  of 
different  complexify  such  as  DNA  heteroduplexes  carrying  sta¬ 
ble  secondary  structures  and  superhelical  DNA  containing 
PARP  promoter  sequences.  We  found  that  PARP  can  recognize 
noncanonical  conformations  (hairpins)  in  a  DNA  end-indepen¬ 
dent  fashion,  and  it  is  capable  of  in  vitro  binding  to  the  PARP 
promoter  sequences  where  the  dyad  symmetry  elements  may 
form  the  crueiforms.  Using  a  chromatin  cross-linking  and  im- 
munoprecipitation  assay  we  show  that  the  human  PARP  pro¬ 
moter  is  an  in  vivo  target  for  PARP  protein.  Further,  we  show 
that  PARP  protein  down-regulates  its  gene  promoter  and  that 
DNA  binding  activity  of  PARP  is  essential  for  its  function  in 
transcription. 
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EXPERIMENTAL  PROCEDURES 

Plasmid  Constructs — The  plasmid  pPR-PARP  was  constructed  by 
cloning  the  5 ’-flanking  region  of  the  human  PARP  gene  (from  -899  to 
+ 156)  fused  to  a  chloramphenicol  acetyltransferase  reporter  (20)  into 
pcDNA  3.1  (Invitrogen)  modified  to  remove  the  cytomegalovirus  pro¬ 
moter.  The  5 '-deletion  mutant  of  the  PARP  promoter  (pAPR-PARP)  was 
generated  as  described  previously  (20).  The  expression  plasmid  pCD12 
containing  cDNA  for  human  PARP  has  been  described  previously  (21). 
pPARP-DBD  was  constructed  by  cloning  the  PCR-generated  fragment 
of  cDNA  (22)  for  human  PARP-DBD  (amino  acids  1-303)  tagged  at  its 
carboxyl  terminus  with  a  sequence  encoding  four  FLAG  epitope  tags 
into  pcDNA  3.1.  The  integrity  of  all  constructs  was  confirmed  by  se¬ 
quence  analysis. 

DNA  Heteroduplex  Formation  and  Isolation — Hetero duplex  forma¬ 
tion  between  301-bp  PvuII-PvulI  fragments  of  pUC8  and  a  similar 
fragment  of  pUC8F14C  and  isolation  of  the  heteroduplex  isomers  were 
performed  as  described  previously  (23).  Briefly,  10  pi  of  hybridization 
mixture  containing  1  pmoi  of  each  DNA  fragment  in  100  mM  NaCl,  50 
him  Tris-HCl,  pH  7.9, 1  mM  dithiothreitol.  10  mM  MgCt2  were  incubated 
stepwise  at  100  °C  (1  min),  85  °C  (10  min),  and  70  °C  (60  min)  and  then 
cooled  to  room  temperature.  Hybridization  products  were  run  in  a  5% 
native  polyacrylamide  gel  in  90  mM  Tris  borate  (pH  8.3),  2.5  mM  EDTA, 
and  bands  of  heteroduplex  fragments,  which  migrate  slower  than  cor¬ 
rectly  annealed  parental  fragments  (23),  were  excised.  After  an  addi¬ 
tional  purification  step  using  an  UltraClean  15  DNA  purification  kit 
(MoBio,  Solana  Beach,  CA),  isolated  heteroduplexes  were  resuspended 
in  60  pi  of  TE  (10  mM  Tris-HCl,  1  mM  EDTA,  pH  7.8),  and  aliquots  were 
taken  for  strand  identification  by  sequencing  and  atomic  force  micros¬ 
copy  (AFM)  analysis. 

Supereoiled  Topoisomer  Preparation — Each  of  eight  fractions  of  dif¬ 
ferently  supereoiled  DNA  (topoisomers)  was  prepared  by  incubating  5 
pg  of  plasmid  DNA  purified  by  CsCl  density  gradient  with  20  pi  of 
topoisomerase  I-containing  nuclear  extract  from  HeLa  cells  (24)  in  the 
presence  of  appropriate  concentrations  of  ethidium  bromide  (0-13  pM) 
in  200  pi  of  reaction  buffer  (100  mM  NaCl,  10  mM  Tris-HCl,  1  mM  EDTA, 
pH  7.6)  (25).  Average  superhelical  densities  of  resultant  topoisomer 
fractions  were  calculated  as  <r  —  10.5r/jV,  where  N  is  the  number  of  base 
pairs  in  the  plasmid,  and  r  is  the  number  of  superhelical  turns  deter¬ 
mined  by  the  band  counting  method  after  topoisomer  separation  in  an 
agarose  gel  in  the  presence  of  chloroquine  (26). 

Assay  for  Base-unpaired  Sites — The  sequence  of  the  1.1-kb  insert  was 
analyzed  for  potential  hairpin  formation  using  MFOLD  software.2  The 
free  energies  of  potential  hairpins  were  calculated  for  single-stranded 
DNA  at  37  °C  in  a  solution  containing  150  mM  monovalent  cation  and  1 
mM  Mg2".  To  detect  unwound  regions  in  supereoiled  DNA,  1  pg  of  each 
topoisomer  prepared  in  a  reaction  with  topoisomerase  I  was  incubated 
on  ice  with  0.5  units  of  nuclease  PI  (Invitrogen)  in  10  mM  Tris-HCl  (pH 
7.6),  10  mM  MgCl^,  50  mM  NaCl  at  37  °C  for  10  min.  The  reaction  was 
terminated  by  phenol/cbloroform  extraction,  and  DNA  was  recovered  by 
ethanol  precipitation.  Following  the  EcoPd  digestion  to  release  a  pro¬ 
moter-containing  1.1-kb  insert,  DNA  was  S'-end-labeled  using 
[oc-3£P]dATP  and  the  Klenow  fragment  of  DNA  polymerase  from  Esch¬ 
erichia  coli  (New  England  Biolabs).  The  resultant  products  were  sepa¬ 
rated  in  their  single-stranded  forms  on  a  1.5%  alkaline  agarose  gel  in  50 
mM  NaOH  (pH  12.5),  1  mM  EDTA. 

PARP  Binding  Reactions — A  recombinant  full-length  human  PARP 
(R&D  Systems)  was  used  in  DNA  binding  reactions  at  a  4:1  molar  ratio 
(protein  to  DNA)  under  the  ionic  conditions  required  for  optimal  PARP 
activity  (4,  21).  The  heteroduplex  DNA  (23)  containing  stable  50-bp 
hairpin  arms  was  used  in  PARP  binding  reactions.  Parental  duplexes 
(fragments  of  pUC8  and  pUC8Fl4C  plasmids)  were  used  as  controls  in 
these  experiments.  For  PARP  binding  reactions  with  the  supereoiled  or 
topologically  relaxed  DNA  plasmids  were  predigested  with  exonuclease 
III  to  exclude  the  presence  of  nicks  in  the  DNA  template  (19).  To 
analyze  the  interactions  of  PARP  protein  with  the  promoter  region  in 
supereoiled  plasmids,  bound  PARP  was  cross-linked  to  DNA  with  0.5% 
glutaraldehyde  for  2  min  at  37  CC,  and  the  1.1-kb  EcoRI-EcoRI  frag¬ 
ment  containing  the  PARP  promoter  region  was  isolated  and  purified 
on  Sephadex  G25  spin  columns  equilibrated  with  the  deposition  buffer 
(10  mM  HEPES,  pH  7.3,  1  mM  MgCl2). 

Chromatin  Cross-linking  and  Immunoprecipitation — Ewings  sar¬ 
coma  cells  A4573  (kindly  provided  by  Dr.  T.  Kinsella,  University  of 
Wisconsin,  Madison)  were  growai  and  maintained  in  Eagle’s  minimal 
essential  medium  (Invitrogen).  Formaldehyde  (Fisher)  was  added  di- 
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rectly  to  the  cell  culture  medium  to  a  final  concentration  of  1%,  and 
fixation  proceeded  at  37  °C  for  10  min  as  described  in  the  ChIP  assay 
protocol  (Upstate  Biotechnology),  Immunoprecipitation  was  performed 
with  rabbit  polyclonal  anti-PARP  antibody  (Cell  Signaling  Technology). 
Cross-links  were  reversed  by  heating  to  65  °C  for  4  h  in  the  presence  of 
200  mM  NaCl  followed  by  PCR  analysis  of  DNA  for  the  detection  of  the 
PARP  promoter  sequences  using  upstream  (S'-TGTCA  ACCCA  GAGAT 
GGCAT-3')  and  downstream  (5#-AACTA  CTCGG  GAGGC  TGAA-30 
PCR  primers  designed  according  to  the  reported  sequence  data  for  the 
PARP  5 '-region  of  the  human  PARP  gene  (27).  Immunocapture  of  PARP 
from  cross-linked  chromatin  was  analyzed  by  immunoblotting  with  goat 
polyclonal  anti-PARP  antibody  (1:1000,  R&D  Systems)  as  described 
previously  (20). 

Sample  Preparation  and  Imaging  with  AFM— DNA  samples  or 
PARP-DNA  binding  reaction  product  in  Mg2  ^-containing  buffer  (28) 
were  deposited  on  an  anatomically  flat  mica  surface,  allowed  to  adsorb 
for  1  min,  rinsed  with  deionized  water,  and  dried  in  a  gentle  nitrogen 
flow.  The  AFM  images  were  obtained  using  a  NanoScope  Ilia  instru¬ 
ment  equipped  with  E-scanner  (Digital  Instruments,  Santa  Barbara, 
CA)  operating  in  a  tapping  mode  in  air  as  described  previously  (28).  The 
tapping  frequency  of  the  125-pm  silicon  cantilever  was  300-400  KHz, 
and  the  nominal  scanning  rate  was  set  at  1-2  Hz.  No  less  than  150 
uncomplexed  DNA  molecules  and  100  PARP-DNA  complexes  were  an¬ 
alyzed  in  each  experiment. 

Transfections  and  Reporter  Assays — Mouse  embtyonie  fibroblasts  de- 
rival  from  both  wild  type  and  PARP  knockout  mice  (29)  were  cultured 
in  Dulbecco’s  modified  Eagle’s  medium  supplemented  with  10%  fetal 
bovine  serum,  penicillin  (100  units/ml),  and  streptomycin  (100  pg/ml). 
DNA  transfections  were  carried  out  using  a  SuperFeet  reagent  (Qiagen) 
according  to  the  protocol  of  the  manufacturer.  The  total  amount  of  DNA 
transfected  was  held  constant  with  the  pcDNA  3.1  (Invitrogen)  empty 
vector.  Chloramphenicol  acetyltransferase  reporter  assays  were 
performed  as  described  previously  (20)  and  normalized  for  trans¬ 
fection  efficiency  using  a  eo-transfected  pSV-;3-gal  vector  (Promega) 
as  an  internal  control.  Each  experiment  was  repeated  at  least 
three  times,  in  duplicate,  with  independent  plasmid  preparations  to 
assess  reproducibility. 

RESULTS  AND  DISSCUSSION 

PARP  Binds  to  Hairpins  in  DNA  Heteroduplexes — To  inves¬ 
tigate  the  interactions  of  PARP  with  DNA,  we  used  AFM, 
which  allows  direct  visualization  of  protein  and  DNA  molecules 
at  nanometer  resolution  (30—32).  This  approach  was  preferred 
to  biochemical  assays  to  address  the  hypothesis  that  PARP 
binding  to  DNA  sites  other  than  strand  breaks  was  directed  to 
single  strand  regions  as  observed  in  unwound  structures  in 
double-stranded  DNA.  Alternative  DNA  secondary  structures 
are  not  thermodynamically  stable  in  linear  DNA  fragments 
and,  therefore,  are  not  amenable  to  investigations  of  their 
functional  transactions  such  as  protein  binding.  Accordingly', 
our  experimental  approach  used  model  heteroduplex  con¬ 
structs  carrying  stable  DNA  secondary  structures.  We  used 
three-way  junction  heteroduplexes  that  contain  106-bp  in¬ 
verted  repeats  in  one  DNA  strand  (23)  to  form  hairpin-like 
DNA  structures  (Fig.  1A).  A  representative  AFM  image  shows 
that  heteroduplex  molecules  have  extrusions  of  the  size  ex¬ 
pected  for  the  50-bp  hairpin  in  the  B  conformation  and  bends  at 
the  junction  (Fig.  IB). 

After  allowing  full-length  PARP  protein  to  bind  to  the  model 
hairpin-containing  DNA,  AFM  images  revealed  a  high  inci¬ 
dence  of  DNA-protein  complexes  (—60%  of  all  DNA  molecules) 
that  were  divided  into  two  types  based  on  their  locations  in  the 
heteroduplexes.  In  complexes  of  the  first  type,  PARP  associated 
primarily  with  DNA  ends  and  less  frequently  dimerized  het¬ 
eroduplexes  end-to-end  (Fig.  ID)  consistent  with  our  previous 
observations  that  PARP  can  link  DNA  fragments  into  chain- 
like  structures  (28).  The  most  striking  observation  was  the 
occurrence  of  the  second  type,  internal  DNA-protein  complexes 
(Fig.  1,  C,  D,  and  E).  Proteins  in  these  complexes  resided  at  the 
junction  site  and  were  not  observed  in  other  internal  regions  of 
the  long  arms  of  the  model  DNA.  Moreover,  no  internal  PARP- 
DNA  complexes  were  formed  with  control  DNA  duplexes 
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Fig.  1.  Binding  of  recombinant  PARP  to  three-way  DNA  junc¬ 
tions,  A,  schematic  representation  of  heteroduplex  DNA  with  an  un¬ 
paired  region  at  the  apex  of  hairpin.  B}  AFM  images  of  three-way  DNA 
junctions  containing  a  50-bp  hairpin  (visible  as  the  protrusion  from  the 
bend  near  the  center  of  the  molecule).  C—E,  representative  AFM  images 
of  PARP-DNA  complexes.  End-bound  (yellow  arrows)  and  internally 
bound  ( white  arrows)  PARP  molecules  are  indicated.  Images  show  a 
400-  X  400-nm  surface  area.  The  color  scale  ranges  from  0.0  to  4.0  nm 
(from  dark  to  bright).  F,  the  effects  of  NAD  '  (0.1  mM>  and  3-aminoben- 
zamide  ( 3AB )  (1  mM>  on  the  interaction  of  PARP  with  DNA  ends  and 
hairpins.  PARP  binding  to  DNA  was  calculated  as  the  percentage  of 
occurrence  of  the  PARP-DNA  complexes  to  the  total  number  of  hetero¬ 
duplexes  scored.  Only  unobstructed  protein-DNA  complexes  were  quan¬ 
tified.  The  total  numbers  of  DNAs  counted  in  each  experiment  ranged 
from  420  to  540  molecules. 

(301-bp  fragment  of  pUCS  and  401-bp  fragment  of  pUC8Fl4C), 
thus  indicating  the  specificity  of  PARP  binding  to  hairpin- 
containing  regions  in  double-stranded  DNA.  This  finding  pre¬ 
sents  a  challenge  to  the  generally  accepted  view  that  PARP 
binds  only  to  strand  breaks  in  DNA. 

In  the  presence  of  NAD%  PARP  bound  to  DNA  strand  breaks 
undergoes  auto(ADP-ribosyl)ation,  acquiring  a  high  negative 
charge.  Due  to  the  charge  repulsion  the  protein  rapidly  disso¬ 
ciates  from  DNA  (4,  33,  34).  Therefore,  we  next  tested  the 
ability  of  PARP  to  bind  hairpin-containing  DNA  under  condi¬ 
tions  conducive  to  PARP  automodification.  Similar  to  our  pre¬ 
vious  observations  of  PARP  binding  to  DNA  ends  (28),  NAD+ 
significantly  decreased  PARP  affinity  to  the  hairpins.  Reversal 
of  this  effect  was  observed  in  the  presence  of  3-aminobenz- 


Fjg.  2.  Interaction  of  PARP  protein  with  the  1.1 -kb  5' -region  of 
the  PARP  gene.  A,  binding  of  PARP  to  topologically  relaxed  pPR- 
PARP  plasmid  containing  the  PARP  promoter  region  (from  -  899  to 
+  156).  B,  binding  of  PARP  to  negatively  superceded  (a  =  -0.050) 
pPR-PARP  plasmid.  C,  AFM  images  of  the  PARP  protein-promoter 
complexes.  Bound  PARP  molecules  were  cross-linked  to  plasmid  DNA 
with  a  superhelical  density,  a  of  -0.050,  and  the  promoter-containing 
fragment  (1.1  kb)  was  isolated  for  AFM  examination.  Representative 
images  A  and  B  show  a  700-  X  700-nm  surface  area,  and  image  C  shows 
an  enlarged  surface  area  (340  X  183  nm).  Arrows  (B  and  C)  point  to  the 
PARP-DNA  complex. 

amide  (Fig.  IF),  a  potent  inhibitor  of  PARP  catalytic  activity. 
The  relatively  low  yield  of  hairpin-protein  complexes  suggests 
that  PARP  has  higher  affinity  to  DNA  ends  than  to  hairpins  in 
DNA  fragments.  These  observations  indicate  that  (i)  PARP  is 
capable  of  binding  to  certain  secondary  structures  (e.g.  hairpin- 
containing  regions)  in  double-stranded  DNA  independently  of 
the  presence  of  DNA  ends  and  (ii)  NAD + -dependent  automodi¬ 
fication  of  PARP  results  in  inhibition  of  its  hairpin  binding 
activity. 

PARP  Protein  Binds  to  the  5r  -Flanking  Region  of  the  PARP 
Gene — Accumulating  evidence  supports  the  involvement  of 
DNA  secondary  structures  such  as  hairpins  and  erueiforms  in 
transcription  (34-38).  We  reasoned  that  PARP  affinity  for 
stem-loops  in  DNA  might  influence  regulation  of  transcription 
in  undamaged  cells  by  binding  to  such  domains  in  promoter 
regions.  To  test  this  hypothesis,  we  investigated  interaction  of 
the  PARP  protein  with  the  5' -flanking  region  of  the  PARP  gene 
(20).  Structurally,  the  PARP  gene  promoter  is  TATA-defieient 
and  G  +  C-rich,  typical  of  promoters  that  contain  dyad  sym¬ 
metry  elements  with  high  propensity  to  form  secondary  struc¬ 
tures  such  as  erueiforms  (39).  Secondary  structures  are  favored 
when  DNA  is  negatively  supercoiled  and  are  not  thermody¬ 
namically  stable  in  linear  DNA  fragments  (40).  Therefore,  we 
examined  the  PARP  interactions  with  supercoiled  (cr  =  -0.050) 
and  topologically  relaxed  (cr  -  0)  pPR-PARP  plasmids  (Fig.  2,  A 
and  B).  PARP  binding  reactions  were  performed  using  the 
same  DNA  to  protein  molar  ratio  (4:1)  as  in  experiments  with 
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Fig.  3.  Detection  of  PI  nuclease-sensitive  sites  in  the  PARP 
promoter.  A,  schematic  representation  of  the  human  PARP  promoter 
(from  -899  to  +1).  The  position  of  dyad  symmetry  elements  ( DSE )  in 
the  promoter  sequence  and  the  hairpin  free  energies  calculated  by  the 
MFOLD  program  are  indicated  in  the  boxed  area .  Putative  Pi  nuclease- 
sensitive  sites  are  shown  with  arrows.  B,  pPR-PARP  topoisomers  with 
superhelical  density  (cr)  ranging  from  0  to  -0.111  were  treated  with  PI 
nuclease.  The  promoter-containing  fragment  (1.1  kb)  was  isolated  and 
analyzed  by  alkaline  agarose  gel  electrophoresis.  The  products  of  PI 
nuclease  digestion  are  denoted  on  the  right .  Topoisomer  fractions  0-7 
numbered  at  the  bottom  had  the  average  a  of  0,  -  0.019,  -- 0.031, 
—0.050,  -0.065,  —0.080,  —0.094,  and  -0.111,  respectively, 

hairpin-containing  DNA  heteroduplexes.  AFM  imaging  of 
DNA-protein  interactions  revealed  that  PARP  is  capable  of 
binding  to  supercoiled  plasmid  in  a  DNA  end-independent 
fashion.  Further,  a  quantitative  evaluation  of  the  AFM  images 
revealed  a  3-4-fold  higher  yield  of  DNA-protein  complexes  on  a 
supercoiled  plasmid  compared  with  topologically  relaxed  DNA. 
These  data  suggest  that  the  preferential  binding  of  PARP  to 
supercoiled  plasmid  is  attributable  to  the  formation  of  recogni¬ 
tion  sites  for  PARP  in  torsionally  stressed  DNA. 

To  examine  PARP  protein-promoter  interactions  in  vitro , 
bound  proteins  were  cross-linked  to  superhelical  plasmid  (cr  - 
—0.050)  with  0.5%  glutaraldehyde,  and  the  1.1-kb  fragment 
containing  the  promoter  region  was  isolated  and  examined  by 
AFM.  An  average  of  1.2  protein  molecules  were  bound  to  the 
promoter-containing  DNA  duplex,  indicating  that  PARP  recog¬ 
nizes  certain  relatively  infrequent  sites  in  the  promoter  region 
(Fig.  2 C).  Although  the  PARP  binding  siie(s)  in  its  own  pro¬ 
moter  is  yet  to  be  identified,  our  data  might  conceivably  reflect 
polymerase  interaction  with  the  regions  of  single-stranded 
character  that  can  be  formal  in  superhelical  DNA.  One  poten¬ 
tial  option  is  the  formation  of  cruciform-like  structures  since 
several  imperfect  inverted  repeats  have  been  identified  in  the 
promoter  sequence  by  the  computer  algorithm  MFOLD  (Fig. 
3A).  In  support  of  this,  we  observed  the  appearance  of  yet 
unidentified  sites  in  the  promoter  region  that  are  recognized  by 
the  single  strand-specific  nuclease  PI.  These  sites  are  gener¬ 
ated  by  unwinding  torsional  stress  in  supercoiled  DNA  with  a 
threshold  value  of  superhelical  density  a  -  -0.050  (Fig.  3B) 
and  were  not  detected  in  relaxed  covalently  closed  plasmid 
DNA.  Based  on  the  size  of  PI  nuclease- generated  fragments, 
the  positions  of  the  putative  unwound  sites  correspond  to  im¬ 
perfect  inverted  repeat  (nt  -325/- 290)  or  an  AT-rich  region 
with  dyad  symmetry  (nt  -418/- 403)  in  the  PARP  promoter 
sequences.  Although  these  data  suggest  that  the  5 '-flanking 
region  of  the  PARP  gene  has  the  ability  to  adopt  unwound  or 


IP  antibody 


Fig.  4.  PARP  protein  binds  to  the  5* -flanking  region  of  the 
human  PARP  gene  in  vivo.  Formaldehyde-cross-linked  chromatin 
from  asynchronously  growing  Ewing’s  sarcoma  cells  (cell  line  A4573) 
was  immunoprecipitated  using  anti -PARP  polyclonal  antibody.  A  no¬ 
antibody  immunoprecipitation  was  performed  for  a  negative  control 
(None).  The  input  sample  contains  total  chromatin  before  selection  by 
immunoprecipitation.  Top  panels  immunoprecipitated  DNA  was  ana¬ 
lyzed  by  PGR  using  primers  specific  for  the  human  PARP  promoter.  A 
240-bp  PCR  fragment  amplified  from  the  PARP  promoter  sequence  is 
shown.  Bottom  panel ,  immunoblotting  analysis  of  PARP  protein  in 
cross-linked  chromatin.  IP,  immunoprecipitation. 

alternatively  base-paired  structures,  further  studies  are  re¬ 
quired  to  assess  functional  transactions  between  PARP  protein 
and  such  structures  and  to  map  PARP  binding  sites  on  the 
promoter. 

To  analyze  the  PARP  protein-DNA  interactions  at  the  hu¬ 
man  PARP  promoter  in  vivo  we  performed  formaldehyde  cross- 
linking  and  immunoprecipitation  experiments.  This  approach 
permits  analysis  of  DNA-binding  proteins  in  eukaryotic  cells 
under  physiological  conditions  (41,  42).  We  observed  that  anti- 
PARP  antibody  effectively  immunoprecipitated  endogenous 
PARP  protein  and  the  5' -flanking  region  of  the  PARP  gene 
promoter  (Fig.  4)  from  Ewing's  sarcoma  cells  that  eonstitu- 
tively  express  PARP  protein  (20).  This  observation  indicates 
that  PARP  protein  is  recruited  to  the  human  PARP  promoter 
sequences  in  vivo.  It  remains  to  be  determined  whether  PARP 
protein  binds  to  the  promoter  sequences  as  a  monomer  or  forms 
a  heterodimer  with  yet  to  be  identified  transcriptional  regula- 
tor(s).  In  support  of  the  latter  possibility,  the  physical  associa¬ 
tion  of  PARP  with  transcription  factors  TEF-1,  B-MYB,  and 
AP-2  and  its  involvement  in  the  active  transcriptional  DNA- 
protein  complex  on  Reg  and  Pax-6  promoters  have  been  re¬ 
cently  demonstrated  (11,  12,  17,  43,  44). 

Transcriptional  Autoregulation  of  the  Human  PARP  Gene — 
The  functional  significance  of  PARP  interactions  with  its  gene 
promoter  was  evaluated  by  transient  transfection  assays  using 
immortal  fibroblasts  (PARP”/~)  derived  from  PARP  knockout 
mice  (29).  We  found  that  the  transcriptional  activity  of  the 
PARP  promoter  was  4 -5-fold  greater  in  PARP~/_  cells  than  in 
wild  type  (PARP"7"  )  fibroblasts  (Fig.  5A).  Introduction  of  plas¬ 
mid  pCD12  carrying  PARP  cDNA  into  PARP_/_  cells  conferred 
transcriptional  down-regulation  of  the  PARP  gene  promoter 
(Fig.  5B),  These  data  are  in  accord  with  the  previously  reported 
observations  that  inducible  PARP  expression  in  PAEP-produe- 
ing  cells  also  inhibited  PARP  promoter  activity  (45),  thus  sug¬ 
gesting  intrinsic  autoregulation  of  PARP  expression.  Next  we 
observed  that  deletion  of  the  —899  to  —95  region  from  the 
PARP  promoter  sequences  alleviated  PARP-mediated  tran¬ 
scriptional  inhibition  (Fig.  5 C)  thus  indicating  that  at  least 
some  of  the  functional  sites  that  are  required  for  PARP-medi¬ 
ated  down-regulation  of  transcription  may  reside  upstream  of 
the  minimal  PARP  promoter  (nt  from  -95  to  +156).  This 
suggestion  agrees  with  our  earlier  observations  that  the  PARP 
promoter  region  (nt  -420/- 290),  harboring  two  putative  un¬ 
wound  sites  (at  nt  -418/-403  and  -325/-290)  (Fig.  3),  is 
involved  in  negative  control  of  the  PARP  promoter  in  cells 
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Fig,  5.  PARP  protein  is  a  transcriptional  repressor.  A,  PARP 
promoter  transcriptional  activity  in  wild  type  (PARP+/4j  and  PARP 
fibroblasts.  B,  expression  of  human  PARP  or  its  DNA-binding  domain 
down-regulates  promoter  activity,  PARP-/“  cells  were  co-transfected 
with  pPR-PARP  and  plasmids  encoding  for  full-length  PARP  (pCD12) 
or  its  truncated  mutant  (pPARP-DBD ).  C,  deletion  of  the  distal  region 
(-899  to  -95)  alleviates  transcriptional  repression  by  PARP  protein. 
Vectors  containing  the  PARP  promoter  ( pPR-PARP )  or  its  5'-deletion 
mutant  (pAPR-PARP)  were  transiently  co-transfected  with  the  PARP- 
expressing  vector  into  PARP' f~  fibroblasts.  Chloramphenicol  acetyl- 
transferase  (CAT)  activity  of  pPR-PARP  in  PARP_/_  cells  was  arbi¬ 
trarily  taken  as  100%.  Means  of  triplicate  experiments  normalized  by 
co-transfected  /3-gaIactosidase  and  S.D.  are  indicated. 


naturally  overexpressing  PARP  protein  (20).  To  address  the 
question  whether  catalytic  activity  of  PARP  is  required  for 
transcriptional  down-regulation,  the  amino-terminal  fragment 
of  human  PARP  (amino  adds  1-303)  encompassing  the  region 
that  encodes  two  zinc  fingers  of  the  enzyme  and  the  proximal 
(amino  acids  200-220)  helix-turn-helix  motif  (22)  was  tran¬ 
siently  expressed  in  PARP_/~  cells.  Co-transfection  of  the  re¬ 
porter  gene  (pPR-PARP)  and  a  vector  (pPARP-DBD)  express¬ 
ing  a  truncated  PARP  mutant  (that  contains  the  DNA-binding 
domain  but  lacks  catalytic  activity)  resulted  in  transcriptional 
down-regulation  of  the  PARP  promoter  in  cells  with  a  PARP- 
negative  background  (Fig.  5B),  thus  indicating  that  PARP- 
mediated  inhibition  of  transcription  was  independent  of  PARP 
catalytic  activity.  Together  these  data  demonstrate  that  PARP 
protein  is  a  potent  repressor  of  transcription  when  targeted  to 
promoter  and  that  its  DNA  binding  activity  is  necessary  and 
sufficient  for  transcriptional  repression.  However,  we  cannot 
rule  out  the  possibility  of  cooperative  interactions  between 
PARP  and  other  regulatory  proteins  for  this  repressive  effect. 

To  conclude,  the  interactions  of  PARP  protein  with  the  pro¬ 
moter  of  its  own  gene  result  in  suppression  of  transcription. 
PARP  binding  to  secondary  structures  in  DNA  may  reflect  a 
potential  mechanism  by  which  it  is  recruited  to  the  gene  pro¬ 
moter.  Furthermore,  our  data  suggest  that  a  hierarchy  of 
PARP  function  may  exist  under  which  transcriptional  repres¬ 
sion  may  be  abrogated  in  response  to  DNA  damage  due  to  a 
higher  affinity  of  PARP  for  DNA  breaks  and  its  dissociation 
from  DNA  following  protein  automodification  (Fig.  6).  This 
concept  integrates  PARP  functions  in  DNA  repair  (a  nick- 
protection  mechanism)  (4,  33)  and  in  transcriptional  control  of 
gene(s)  involved  in  immediate  cellular  response  to  ionizing 


I 

Undamaged  Calls 


Fig.  6.  A  model  for  PARP-mediated  regulation  of  transcrip¬ 
tion.  /,  in  undamaged  cells,  unmodified  PARP  molecules  bind  to  the 
DNA  secondary  structures  within  the  gene  promoter  (denoted  by  a 
striped  box ).  Such  macromolecular  interactions  between  PARP  protein 
and  a  promoter  region  constitute  a  repressor  function  for  PARP  in 
transcription,  //,  in  response  to  DNA  damage,  PARP  binding  to  the 
DNA  ends  triggers  its  catalytic  activity.  Subsequent  poly(ADP-ribosyl) 
ation  of  free  and  bound  PARP  in  the  presence  of  intracellular  NAD* 
prevents  its  interaction  with  the  promoter  regions.  This  alleviates  the 
PARP-mediated  block  on  the  promoter  and  up-regulates  transcription 
of  its  own  and  other  genes  involved  in  the  DNA  damage  response.  Ill, 
the  DNA  binding  activity  of  PARP  is  restored  following  DNA  damage 
repair  and  the  degradation  of  the  ADP-ribose  polymers  by  poly(ADP- 
ribose)  glycohydrolase  leading  to  reassembly  of  PARP-promoter  com¬ 
plexes  and  inhibition  of  transcription, 

radiation  and  DNA-damaging  drugs.  Although  the  evidence 
supporting  such  a  mechanism  is  not  yet  available,  it  is  conceiv¬ 
able  that  the  sharing  of  components  such  as  PARP  by  DNA 
repair  and  transcription  allows  both  events  to  control  cellular 
survival  in  response  to  ionizing  radiation  and  DNA-damaging 
treatments.  In  support  of  this  mechanism,  PARP-dependent 
inhibition  of  transcription  elongation  by  RNA  polymerase  IE  in 
undamaged  cells  and  up-regulation  of  mRNA  synthesis  in  re¬ 
sponse  to  DNA  damage  have  been  recently  demonstrated  both 
in  vitro  and  in  vivo  (13).  Studies  testing  this  hypothesis  are 
underway. 
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ABSTRACT 

Poiy(ADP-ribose)  polymerase  (PART)  has  strong  affinity  for  DMA 
strand  breaks  and  cycles  on  and  off  the  DNA  ends  t©  allow  DNA  repair, 
A  BNA-binding  domain  of  PARP  {PARP-DBD)  acts  as  a  dominant- 
negative  mutant  by  binding  to  DNA  strand  breaks  irreversibly  and  sen¬ 
sitizing  mammalian  cells  to  DNA-damaging  agents.  Therefore,  expression 
of  PARP-DBD  In  prostate  carcinoma  cells  offers  a  strategy  to  achieve 
sensitization  to  genotoxic  treatments.  Toward  this  end,  we  developed 
recombinant  plasmids  expressing  the  PARP-DBD  under  the  control  of  the 
S'-flanking  sequences  of  the  human  prostate-specific  antigen  (PSA)  gene. 
Tissue  specificity  of  PARP-DBD  expression  in  human  tumor  cells  was 
confirmed  using  the  PSA-producing  (LNCaP)  and  PSA-negative  (PC-3) 
prostate  cancer  cells,  as  well  as  cells  of  nonprostate  origin,  Ewing’s 
sarcoma  (A4573  cells).  LNCaP  cells  stably  transfected  with  the  PSA- 
regulated  cDNA  for  PARP-DBD  exhibit  an  androgen-dependent  induction 
of  PARP-DBD  expression  as  determined  by  Western  blotting,  reverse 
transcription-PCR,  and  in  situ  immunofluorescence.  Furthermore,  we 
found  that  PARP-DBD  sensitized  LNCaP  cells  to  DNA-damaging  agents, 
such  as  ionizing  radiation  and  etoposide.  Androgen  (R1881)  -dependent 
stimulation  of  PARP-DBD  expression  resulted  In  a  2-fold  growth  inhibi¬ 
tion  in  LNCaP  cells  as  compared  with  controls,  and  an  augmented  apo- 
ptotic  cell  death  in  response  to  ionizing  radiation  or  etoposide.  Taken 
together,  the  plasmid  vector  developed  in  this  study  permits  the  expression 
of  the  human  PARP-DBD  in  an  androgen-inducible  and  PSA-dependent 
fashion,  and  sensitizes  prostatic  adenocarcinoma  cells  to  DNA-damaging 
treatments.  These  results  provide  proof-of-principle  for  a  novel  therapeu¬ 
tic  strategy  for  the  treatment  of  prostate  cancer. 

INTRODUCTION 

Prostate  cancer  is  the  most  common  malignancy  in  men,  and  it  is 
the  second  most  fatal  cancer  resulting  in  —40,000  deaths  annually  in 
the  United  States,  Whereas  >80%  of  the  tumors  initially  respond  to 
androgen  ablation,  metastatic  prostatic  cancer  inevitably  progresses  to 
an  androgen-independent  state.  Once  this  happens,  the  disease  is 
difficult  to  control,  because  hormonally  independent  tumors  become 
resistant  to  additional  hormonal  manipulations  as  well  as  chemother¬ 
apy  or  radiotherapy  ( 1), 

PARP3  is  a  zinc  finger-containing  protein,  allowing  the  enzyme  to 
bind  either  double-  or  single-strand  DNA  breaks.  Numerous  studies 
have  shown  that  PARP  is  involved  in  a  variety  of  biological  functions, 
all  of  which  axe  associated  with  breaking  and  rejoining  of  DNA 
strands,  and  plays  a  pivotal  role  in  DNA  damage  repair  (reviewed  in 
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Refs,  2-4),  Recent  advances  in  apoptosis  research  have  identified 
PARP  as  one  of  the  intracellular  “death  substrates,”  and  have  dem¬ 
onstrated  that  limited  proteolysis  of  PARP  by  caspases  is  an  early 
event  or  perhaps  a  prerequisite  for  the  execution  of  programmed  cell 
death  in  a  variety  of  cells  (5),  The  caspase-specific  DEVD  motif 
resides  adjacent  to  die  nuclear  localization  signal  of  the  PARP  protein. 
Cleavage  of  PARP  at  this  site  results  in  the  separation  of  the  two  zinc 
finger  DNA-binding  motif  in  the  NH2  terminus  of  PARP  from  the 
automodification  and  catalytic  domains  located  in  the  COOH  termi¬ 
nus  of  the  enzyme.  Consequently,  this  cleavage  excludes  the  catalytic 
domain  from  being  recruited  to  the  sites  of  DNA  fragmentation  during 
apoptosis  and  presumably  disables  PARP  from  coordinating  subse¬ 
quent  repair  of  genome  maintenance  events.  The  biological  function 
of  the  DNA-binding  domain  of  PARP  has  been  investigated  by  using 
stable  cell  lines  expressing  PARP-DBD  protein  (6).  Data  obtained 
from  these  experiments  indicate  that  PARP-DBD  expression  in  mam¬ 
malian  cells:  (a)  leads  to  fmns-dominant  inhibition  of  PARP;  (b)  has 
no  effect  on  normal  cell  proliferation;  and  (c)  sensitizes  the  cells  to 
genotoxic  agents  and  ionizing  radiation.  Exposure  of  the  PARP-DBD- 
expressing  cells  to  these  DNA-damaging  agents  results  in  a  marked 
reduction  of  cell  survival,  increased  frequency  of  sister  chromatid 
exchanges,  inhibition  of  cell  proliferation,  and  apoptosis  induction  (7). 
Thus,  the  DBD  of  PARP  offers  a  potential  for  targeted  sensitization  of 
tumor  cells  to  genotoxic  agents  and  radiotherapy. 

In  the  past  few  yearn  several  new  approaches  for  treating  advanced 
neoplasms  have  been  proposed,  including  that  of  gene  therapy.  Dif¬ 
ferential  expression  of  the  desired  gene  product  in  the  target  tissue  is 
central  to  the  concept  of  gene  therapy.  One  such  approach  is  to  use 
tissue-specific  promoters  to  drive  therapeutic  genes.  From  this  point 
of  view,  the  promoter  of  the  gene  encoding  the  PSA  represents  a 
promising  tool  for  prostate  cancer-specific  gene  expression  (8).  Al¬ 
though  low  levels  of  PSA  are  detectable  in  the  serum  of  men  with 
normal  prostates,  PSA  expression  is  increased  in  most  patients  with 
prostate  cancer,  regardless  of  tumor  stage  and  hormone  responsive¬ 
ness,  The  promoter  of  the  PSA  gene  has  been  cloned,  and  its  two 
functional  domains  have  been  identified:  a  proximal  promoter  and  a 
distal  promoter,  which  can  also  function  as  an  enhancer  (9),  Using 
LNCaP  tumor  xenografts  in  the  nude  mouse  model  it  was  demon¬ 
strated  that  the  PSA  promoter  retained  its  tissue-specific  properties  in 
vivo  (10),  Furthermore,  the  PSA  promoter  was  able  to  mimic  the 
prostate-specific  and  androgen-regulated  expression  of  the  PSA  gene 
in  transgenic  mice  (11),  Thus,  the  PSA  promoter  contains  the  features 
that  are  fundamental  for  the  development  of  expression  vectors  for 
prostate-specific  gene  therapy:  tissue  specificity  and  androgen  respon¬ 
siveness. 

The  present  study  reports  a  novel  approach  for  combination  therapy 
that  uses  the  tissue-specific  (prostate)  and  DNA  damage-specific  (target¬ 
ing  the  PARP  function)  gene  therapy  for  prostate  cancer.  We  describe 
the  development  of  recombinant  plasmids  for  expression  of  the  DNA- 
binding  domain  of  PARP  under  control  of  prostate  tissue-specific  pro¬ 
moter  in  PSA  producing  LNCaP  prostate  carcinoma  cells.  Our  results 
show  that  enforced  PARP-DBD  expression  significantly  augments  sen¬ 
sitivity  of  these  cells  to  DNA-damaging  treatments,  presenting  a  novel 
strategy  for  gene  therapy  directed  to  prostate  cancer. 
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MATERIALS  AND  METHODS 

Cell  Lines  and  Tissue  Culture.  The  androgen-responsive  prostate  carci¬ 
noma  LNCaP  and  androgen- independent  PC-3  cell  lines  were  obtained  from 
American  Type  Culture  Collection  and  maintained  by  serial  passage  in  DMEM 
supplemented  with  10%  fetal  bovine  serum.  Cells  subjected  to  androgen 
stimulation  tests  were  maintained  in  medium  with  10%  charcoal-stripped  fetal 
bovine  serum  for  7  days  before  the  addition  of  synthetic  androgen  RI88 1 
(Perkin-Elmer  Life  Science).  Ewing’s  sarcoma  cell  line  A4573  (kindly  pro¬ 
vided  by  Dr.  Timothy  Kinselia,  University  of  Wisconsin,  Madison,  Wl)  was 
maintained  in  Eagle’s  MEM  (Life  Technologies,  Inc.).  All  of  the  irradiations 
were  performed  in  air,  using  a  I37Cs  source  in  a  JL  Shepard  MARK  1 
laboratory  irradiator  at  a  dose  rate  of  3.85  Gy/min. 

Plasmid  Constructs.  The  L3~kb  fragment  that  contains  the  upstream  en¬ 
hancer  element  (9, 10)  of  the  PSA  regulatory  region  (nt  -"745  to  -  2080)  was 
cloned  from  human  placenta  using  a  PCR-generated  probe  corresponding  to 
nts  1-200  of  PSA  cDNA.  The  PSA  gene  minimal  promoter  (nt  -619  to  4-12) 
was  obtained  by  performing  PCR  amplification  using  human  placenta  genomic 
DNA  as  a  template,  and  set  of  primers  5 '  -  GGTCT GG  AG  AAC AAGG AGT G 
(upstream)  and  5'-TCTCCGGGTGCAGGTGGTAA  (downstream)  designed 
according  to  the  reported  sequence  data  for  the  5r  region  of  the  human  PSA 
gene  (9).  The  0.7-kb  fragment  of  the  human  PARP  cDNA  encoding  for  DNA 
binding  domain  (aa  1-234)  was  PCR  amplified  using  plasmid  pCD12  contain¬ 
ing  cDNA  for  human  PARP  as  a  template  and  primers  designed  according  to 
the  reported  sequence  data  (12).  The  human  cDNA  coding  for  the  DNA- 
b hiding  domain  of  PARP  (5 '  -FcoRJ  -Hindi  11)  was  inserted  into  pcDNA  3. 1  (— ) 
expression  vector  at  the  EcoKUHindUl  restriction  sites  downstream  of  the 
human  CMV  promoter/enhaneer.  Subsequently,  PARP-DBD  was  tagged  at  its 
COOH  terminus  with  a  sequence  encoding  four  Flag-epitope  tags  (13).  The 
resulting  recombinant  plasmid,  pCMV-DBD/F,  permits  constitutive  expression 
of  human  PARP-DBD  under  control  of  the  CMV  promoter.  To  express  the 
human  PARP-DBD  under  control  of  the  PSA  gene  regulatory  elements,  the 
CMV  promoter  sequences  were  replaced  with  a  1336-bp  Xhol-EcoRV  frag¬ 
ment  of  PSA  enhancer  fused  with  an  EcoRl  fragment  containing  662-bp 
sequence  of  PSA  promoter.  The  resulting  plasmid,  pPSA(e/p)-DBD/F  is  de¬ 
signed  to  express  human  PARP-DBD  in  androgen-inducible  and  PSA-depend¬ 
ent  fashion. 

Transient  DNA  Transfections.  DNA  transfections  were  carried  out  using 
an  activated-dendrimer  (Superfeet;  Qiagen)  as  described  (13).  Cells  (2  X  10s) 
were  transfected  with  5  /itg  of  pCMV-DBD/F  or  pPSA(e/p)-DBD/F  plasmids 
using  a  ratio  of  DNA  to  Superfect  reagent  of  1:10.  Assays  for  PARP-DBD 
expression  were  performed  48  h  after  transfection. 

Stably  Transfected  LNCaP  Cell  Lines.  Cells  were  transfected  with 
pP3A(e/p)-DBD/F,  pCMV-DBD/F,  or  with  control,  neomycin-resistant  ex¬ 
pression  vector  pACMV-DBD/F,  respectively,  using  Superfect  reagent  (Qia¬ 
gen).  The  G418-resistant  colonies  from  each  replicated  experiment  were 
pooled  to  form  polyclonal  cell  populations  and  were  routinely  maintained  in 
medium  containing  300  pg/ml  G418. 

PARP-DBD  Immunodetection.  Logarithmically  growing  cells  were 
washed  twice  with  cold  PBS  and  lysed  at  4°C  for  30  min  in  buffer:  0.5%  Triton 
X-100,  0.5%  NP40,  2  mm  NaOV4,  150  mM  NaCl,  2  mu  EDTA,  50  mu 
Tris-HCl  (pH  7.5),  1  mM  pheny Imethy  1  s ulfony  1  fluoride,  20  ptg/ml  aprotinin, 
and  20  Mg/ml  leupeptin.  For  immunoprecipitation,  cell  lysates  were  normal¬ 
ized  for  protein  content  and  incubated  with  anti- Flag  M2  monoclonal  antibody 
agarose  affinity  gel  (Sigma),  followed  by  Western  blotting  using  polyclonal 
anti-PARP  antibody  (R&D  System;  1:1000)  directed  against  the  aa  71-329  of 
PARP  protein.  The  secondary  antibody  was  donkey  antigoat  JgG  conjugated  to 
horseradish  peroxidase  (Santa  Cruz,  1:2000).  Signals  were  detected  using  the 
ECL  system  (Amersham).  For  in  situ  PARP-DBD  immunodetection,  LNCaP 
cells  (PSA-DBD)  were  grown  on  poly-B-lysine-treated  glass  slides  (Fisher 
Scientific).  After  induction  of  PARP-DBD  expression  by  synthetic  androgen 
R1881  (10  nM)  for  24  h,  cells  were  subjected  to  fixation  with  3.7%  paraform¬ 
aldehyde  and  incubated  for  30  min  with  anti-FIag  M2  monoclonal  antibody 
(Sigma;  dilution  1 :20O).  Washes  were  followed  by  30-min  incubation  with 
Cy-5  conjugated  secondary  antibody  (Jackson  ImmunoResearch;  dilution 
1:200)  in  PBS,  contained  10%  donkey  serum  and  0.1%  300  Bloomgelatin. 
Transmitted  and  Cy5  fluorescence  images  were  acquired  using  an  IX  70 
eonfocal  microscope  (Olympus,  Melville,  NY). 


DNA  Binding  Assays.  PARP  and  PARP-DBD  affinity  for  DNA  was 
assayed  using  double-stranded  oligonucleotides  coated  onto  magnetic  beads. 
Briefly,  100  pg  of  sfreptavidin-coated  Dynabeads  (Dynal  Biotech)  were  incu¬ 
bated  with  120  pmols  of  5# -biotinylated  double-stranded  pJo  (5?-GT- 
GAAAAAGGTGAAAAAG)  oligonucleotides  (14)  in  accordance  with  the 
manufacturer’s  instruction.  Crude  cell  extracts  in  IP  buffer  were  prepared  from 
cells  transiently  transfected  with  pCMV-DBD/F  or  from  parental  LNCaP  cells, 
and  were  normalized  for  protein  content  Purified  PARP  protein  (Alexis; 
specific  activity  30  units/fig)  or  cell  lysates  were  combined  with  p Jot- affinity 
beads  and  incubated  for  30  min  with  gentle  agitation  at  room  temperature.  The 
protein-bound  beads  were  separated  using  a  magnetic  separator  (Dynal),  and 
bound  proteins  were  eluted  with  30  ft!  of  1  m  NaCl  and  subsequently  analyzed 
by  Western  blotting  using  goat  polyclonal  anti-PARP  antibody  (R&D  Sys¬ 
tems).  Recombinant  human  PARP  and  streptavidin-coated  beads  containing  no 
DNA  were  used  as  positive  and  negative  controls,  respectively. 

RT-PCR  Analyses.  RNA  was  isolated  from  cells  using  TRIzol  Reagent 
(Life  Technologies,  Inc.)  according  to  the  manufacturer’s  protocol.  The  prim¬ 
ers  for  human  DBD-Flag  fusion  protein  were:  sense,  5#-ATCACCATCAC- 
CATCA-3'  and  antisense,  5  '-CCT1TATCGTCATCGT-3 f .  RT-PCR  was  per¬ 
formed  using  2  mg  of  total  cellular  RNA  and  the  ThermoScript  RT-PCR 
System  (Life  Technologies,  Inc.). 

Proliferation  and  Apoptosis  Assays.  Growth  characteristics  of  LNCaP 
cells  were  assayed  by  a  colorimetric  method  using  the  tetrazolium  compound, 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfonyl)- 
2//-tetrazolium  (Cell  Titer  96  Aqueous  Assay;  Promega).  Surface  expression 
of  phosphatidyl  serine  was  determined  by  FITC-labeled  annexin  V  staining 
(Trevigen)  followed  by  analysis  using  a  fluorescence-activated  cell  sorting  Star 
Plus  flow  cytometer  (Becton  Dickinson).  Apoptotic  cells  were  defined  as  F1TC 
positive  and  propidium  iodide  negative.  Changes  in  the  mitochondrial  potential 
were  analyzed  using  JC-1  DePsipher  (Trevigen)  reagent  as  suggested  by 
manufacturer.  Stained  samples  were  analyzed  at  488  nm  argon  laser  by  flow 
cytometry. 

RESULTS  AND  DISCUSSION 

Human  PSA  Promoter/Enhancer  Drives  Expression  of  the 
PARP-DBD  in  LNCaP  Cells.  This  study  is  focused  on  the  unique 
properties  of  the  DNA-binding  domain  of  PARP  as  a  potent  molecular 
sensitizer  to  DNA-damaging  treatments.  Data  from  several  investiga¬ 
tions  demonstrated  that  genetically  engineered  PARP-DBD  is  criti¬ 
cally  involved  in  DNA  damage  repair  by  acting  as  a  /rcms-dominant 
inhibitor  of  PARP  activity  and  that  its  overexpiession  in  mammalian 
cells  sensitizes  them  to  DNA-damaging  treatments  (7).  In  this  study 
we  isolated  and  cloned  the  fragment  of  human  PARP  cDNA  encom¬ 
passing  the  region  (aa  1-234)  that  encodes  two  zinc  fingers  of  the 
enzyme  as  well  as  the  KKKSKK  nuclear  localization  signal  (PARP- 
DBD),  Subsequently,  we  developed  plasmid  vectors  to  express  human 
PARP-DBD  as  a  Flag-fusion  protein  in  human  prostatic  adenocarci¬ 
noma  cells  (LNCaP  cell  line)  both  eonstitutively  and  in  androgen- 
dependent  fashion  (Fig.  L4),  The  recombinant  plasmid,  pCMV- 
DBD/F,  permits  constitutive  expression  of  the  PARP-DBD  under 
control  of  the  human  CMV  promoter.  To  achieve  tissue-specific 
expression  of  the  PARP-DBD  in  the  androgen-sensitive  LNCaP  cells, 
we  have  constructed  an  expression  vector,  pPSA(e/p)-DBD/F,  com¬ 
prised  of  the  coding  region  for  the  DNA-binding  domain  of  PARP 
linked  to  5 '-flanked  sequences  (1.3  kb  upstream  enhancer  and  0.6  kb 
minimal  promoter)  of  the  human  PSA  gene.  The  expression  of  the 
PARP-DBD  Flag-fusion  protein  in  LNCaP  cells  was  confirmed  in 
transient  transfection  assays  (Fig,  12?).  Immunoblot  analysis  of  cell 
lysates  revealed  that  exogenous  PARP-DBD  Flag  fusion  protein  has  a 
molecular  mass  of  3 1  kDa  consistent  with  the  length  of  corresponding 
cDNA,  and  is  recognized  by  anti-FIag  and  anti-PARP  antibodies. 
Functional  activity  of  expressed  PARP-DBD  Flag-fusion  protein  was 
assayed  in  DNA  binding  reactions  using  double-stranded  5' -biotiny¬ 
lated  oligonucleotides  coupled  to  streptavidin-coated  magnetic  beads. 
These  beads  were  used  to  recover  DNA-binding  proteins  from  LNCaP 
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Fig.  1.  A,  a  schematic  representation  of  the  recombinant  constructs  for  constitutive 
(pCMV-DBD)  and  androgen-inducible  (pPSA-DBD)  expression  of  the  human  PARP-DBD 
in  prostate  cancer  cells,  PSA-E,  1,3  kb  upstream  PSA  enhancer  region;  PSA-P,  0.6  kb 
minimal  promoter  of  the  human  PSA  gene.  Relevant  restriction  enzyme  sites,  zinc  fingers 
(Zn%  and  androgen  response  elements  (ARE)  are  indicated.  B,  immunodetection  of  the 
PARP-DBD  in  LNCaP  cells  transiently  transfected  with  pPSA(e/p)-DBD/F.  C,  detection 
of  DNA-binding  activity  of  wild-type  PARP  and  PARP-DBD  Flag-fusion  proteins. 
Purified  recombinant  PAR?  (J)  and  cell  extracts  prepared  from  parental  LNCaP  cells  (2) 
or  LNCaP  cells,  transiently  transfected  with  the  pCMV-DBD/F  (3)  were  bound  to 
5 '-biotinylated  double-stranded  oligonucleotides  coupled  with  streptavidin-coated  mag¬ 
netic  brads.  Proteins  were  eluted  as  described  in  “Materials  and  Methods”  and  analyzed 
by  Western  blotting  using  polyclonal  anti-PARP  antibodies. 


cells  transiently  transfected  with  pCMV-DBD/F  plasmid.  We  found 
(Fig.  1C)  that  both  endogenous  PARP  and  PARP-DBD  fusion  protein 
are  captured  effectively  by  DNA  fragments,  thus  indicating  that 
PARP-DBD  retain  its  DNA-binding  activity  when  expressed  in 
LNCaP  prostate  carcinoma  cells. 

Androgen  Responsiveness  of  the  PARP-DBD  Expression  in 
LNCaP  Cells.  The  5 '-regulatory  sequences  of  the  human  PSA  gene 
have  been  cloned  and  characterized  (9),  Deletion  analysis  of  this 
region  identified  a  minimal  (core)  promoter  region  (nt  -320  to  + 12), 
strong  upstream  enhancer  (nt  -5824  to  —3738),  and  the  presence  of 
down-regulating  elements  within  the  central  region  (nt  -4136  to 
-541;  Refs.  9,  10),  Previous  studies  have  identified  the  5 '-enhancer 
element  linked  to  minimal  core  promoter  of  the  human  PSA  gene  as 
an  effective  combination  of  regulatory  elements  capable  of  driving  the 
expression  of  reporter  genes  in  PSA-producing  prostate  cancer  cells 
both  in  vitro  and  in  vivo  (11,  15).  Consequently,  we  developed  and 
tested  the  construct,  pPSA(e/p)-DBD/F,  for  its  ability  to  drive  the 
expression  of  PARP-DBD  in  a  tissue-specific  fashion,  and  its  andro¬ 
gen  responsiveness  in  prostate  carcinoma  cells. 

The  tissue  specificity  of  PARP-DBD  expression  under  control  of 
the  PSA  promoter/enhancer  was  evaluated  in  transient  transfection 
assays  using  the  PSA-producing  (LNCaP)  and  PSA-negative  (PC-3) 
prostate  cancer  cells,  as  well  as  cells  of  nonprostate  origin  such  as 
Ewing’s  sarcoma  (A4573  cell  line).  We  found  that  PSA  enhancer/ 
promoter-driven  expression  of  the  human  PARP-DBD  was  imrnuno- 
detectable  only  in  PSA-producing  LNCaP  prostate  carcinoma  cells 
but  not  in  PSA-independent  cell  lines  (Fig.  2),  Although  more  PSA- 
producing  cell  lines  need  to  be  tested  to  elaborate  a  PSA  dependence 
of  PARP-DBD  expression,  our  data  are  consistent  with  findings 
reported  previously  that  PSA  promoter  retains  its  tissue  specificity 
both  in  vivo  and  in  vitro  (11,  15), 

The  5'  flanking  region  of  the  human  PSA  gene  contains  several 
androgen-responsive  elements  and  is  responsible  for  the  androgen- 
dependent  expression  of  PSA  in  benign  and  malignant  prostate  cells. 
To  evaluate  whether  the  PSA  promoter/enhancer  constructs  support 
androgen  responsiveness  of  PARP-DBD  expression,  LNCaP  carci¬ 


noma  cells  were  stably  transfected  with  PARP-DBD  expression  vec¬ 
tors,  and  established  polyclonal  LNCaP  sublines  (PSA-DBD  and 
CMV-DBD)  were  subsequently  subjected  to  analysis  of  PARP-DBD 
expression  levels.  Cells  were  grown  in  medium  containing  charcoal- 
stripped  serum  for  7  days  followed  by  incubation  for  24  h  in  the 
absence  or  presence  of  the  synthetic  androgen,  R1881  (0-10  nM). 
Western  blot  analysis  and  RT-PCR  were  performed  to  evaluate  an¬ 
drogen-regulated  expression  of  the  human  PARP-DBD  in  LNCaP 
cells  (Fig,  3).  Parental  LNCaP  cells  and  the  LNCaP  cell  subline 
(CMV-DBD)  were  used  as  negative  and  positive  controls,  respec¬ 
tively,  for  PARP-DBD  expression  levels  in  these  experiments.  We 
found  that  exposure  of  PSA-DBD  cells  to  androgen  (R1881)  resulted 
in  dose-dependent  stimulation  of  PARP-DBD  expression  at  levels  of 
mRNA  (Fig.  35)  and  protein  (Fig.  3,4).  No  notable  changes  in  the 
PARP-DBD  expression  levels  have  been  observed  in  control  cell  lines 
exposed  to  R1881  at  doses  up  to  10  nM  (data  not  show).  Androgen- 
dependent  regulation  of  PARP-DBD  expression  in  PSA-DBD  prostate 
carcinoma  cells  was  additionally  confirmed  by  in  situ  immunodetec¬ 
tion  of  the  PARP-DBD-Flag  fusion  protein  using  fluorescence  mi¬ 
croscopy  (Fig,  3  C),  These  data  indicate  that  the  pPSA(e/p)-DBD/F 
recombinant  vector  allows  expression  of  functionally  active  DBD  of 
PARP  in  vitro  and  that  the  androgen-dependent  expression  is  specific 
to  PSA-producing  prostate  carcinoma  cells. 

PARP-DBD  Expression  Sensitizes  LNCaP  Cells  to  DNA  Dam¬ 
age.  The  PARP-DBD  fragment  acts  as  a  mms-domlnant  inhibitor 
of  PARP  activity  by  competing  with  endogenous  wild-type  PARP 
for  DNA  strand  breaks  (6).  Furthermore,  using  atomic  force  mi¬ 
croscopy  we  have  demonstrated  recently  that  PARP-DBD  binds  to 
broken  DNA  strands  irreversibly  (16),  making  them  inaccessible 
to  DNA  repair  enzymes.  These  data  suggest  that  forced  expression 
of  the  PARP-DBD  can  impair  the  function  of  endogenous  PARP  in 
cellular  responses  to  DNA  damage  leading  to  accumulation  of  sus¬ 
tained  lesions  in  the  genome,  thereby  overcoming  cellular  resist¬ 
ance  to  radio-  and  chemotherapeutic  intervention.  In  support  of  this 
suggestion,  the  sensitization  of  the  DBD-expressing  mammalian 
cells  to  ionizing  radiation  and  DNA-damaging  agents  has  been 
demonstrated  recently  (7). 


IP:  anti-Fiag 

WB;  anti-PARP 


Fig.  2.  PARP-DBD  expression  in  PSA-producing  and  PSA-negative  cells.  PSA¬ 
positive  (LNCaP)  or  PSA-insensitive  (PC-3)  prostate  cell  lines,  and  nonprostate  (Ewing’s 
sarcoma)  A4573  cell  tine  were  transiently  transfected  with  pPSA(e/p)-DBD/F  orpCMV- 
DBD/F  plasmids.  Cells  extract  were  prepared  48  h  after  transfection  and  PARP-DBD 
Flag-fused  protein  was  immunodetected  as  described  in  “Materials  and  Methods  ” 
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then  to  the  presence  of  androgen  in  the  growth  medium.  In  fact,  other 
studies  have  shown  that  androgens  are  potent  stimulators  of  LNCaP 
cells  growth  in  vitro  (17), 

We  next  examined  whether  the  PARP-DBD-mediated  sensitization 
of  LNCaP  cells  to  DNA  damage  is  attributable  to  an  increased  rate  of 
apoptosis.  Quantitative  measurements  of  cell  death  were  carried  out 
using  annexin  V-propidium  iodide  staining  and  mitochondrial  depo¬ 
larization  assays.  Previous  studies  (18)  show  that  LNCaP  cells  are 
highly  resistant  to  ionizing  radiation  and  fail  to  activate  classical 
apoptotie  pathways  in  response  to  DNA-damaging  treatments.  In 
agreement  with  these  findings,  we  found  that  parental  LNCaP  cells  as 
well  as  the  uninduced  PSA-DBD  cell  subline  exhibit  only  marginal 
levels  of  cell  death  after  exposure  to  ionizing  radiation  or  etoposide 
(Fig.  4).  When  PARP-DBD  expression  was  induced  by  R1881,  irra¬ 
diated  or  etoposide-treated  LNCaP  (PSA-DBD)  cells  showed  signif¬ 
icantly  (>2-fold)  increased  staining  for  annexin  V  (Fig.  4 B)  and 
depolarization  of  mitochondrial  membrane  (Fig.  4 €)  within  24  h  of 
treatment.  These  data  indicate  that  perturbation  of  PARP  function  via 
enforced  expression  of  its  dominant-negative  mutant  (PARP-DBD) 
results  in  enhanced  sensitivity  of  prostate  cancer  cells  to  DNA- 
damaging  treatments.  Considering  the  fact  that  androgens  block  ap¬ 
optosis  in  LNCaP  cells  triggered  by  diverse  agents,  including  ionizing 


Fig,  3,  Androgen  responsiveness  of  the  PARP-DBD  expression  in  LNCaP  cells.  A, 
LNCaP  cells  were  stably  transfected  with  vectors  for  PARP-DBD  expression  undo-  the 
control  of  CMV  (CMV-DBD  cell  subline)  or  PSA  gene  (PSA-DBD  cell  sublime)  promot¬ 
ers,  Cells  were  maintained  for  7  days  in  medium  containing  10%  charcoal-stripped  fetal 
bovine  serum  followed  by  induction  of  the  PARP-DBD  expression  with  RI881  for  24  h. 
Immunodetection  of  the  PARP-DBD-Fiag  fusion  protein  in  parental  LNCaP  cells,  and 
PARP-DBD  expressing  LNCaP  sublines  was  performed  as  described  in  “Materials  and 
Methods  ”  The  migration  of  the  PARP-DBD  is  indicated  on  the  right.  B,  RT-PCR  analysis 
of  mRNA  for  PARP-DBD-Flag  fused  protein  in  stably  transfected  CMV-DBD  and 
PSA-DBD  LNCaP  cells.  PARP-DBD  expression  in  PSA-DBD  ceils  was  induced  with 
R1881  as  above.  Specific  RT-PCR  products  are  indicated  on  the  right,  and  molecular 
weight  markers  (M)  are  shown  on  the  left,  C,  in  situ  PARP-DBD  immunodetection  in 
LNCaP  ( PSA-DBD )  cells.  After  induction  of  PARP-DBD  expression  by  synthetic  andro¬ 
gen  R1881  (10  iim)  for  24  h,  cells  were  immunostained  for  PARP-DBD-Flag  fusion 
protein  using  anti-Flag  M2  monoclonal  antibody  and  Cy-5  conjugated  secondary  antibody 
as  described  in  “Materials  and  Methods.”  Transmitted  (phase  contrast)  and  Cy5  (red 
fluorescence)  images  were  acquired  using  DC  70  confocal  laser  scanning  microscope 
(Olympus). 


To  investigate  whether  PARP-DBD  would  increase  the  suscepti¬ 
bility  of  human  prostate  carcinoma  to  DNA-damaging  treatments,  the 
expression  of  PARP-DBD  in  LNCaP  (PSA-DBD)  cells  was  induced 
by  R1881,  and  cells  were  subsequently  exposed  to  ionizing  radiation 
or  etoposide  (VP-16),  We  found  that  androgen  (R1881)  -dependent 
stimulation  of  PARP-DBD  expression  significantly  enhanced  (at  least 
2-fold)  growth  inhibition  of  PSA-DBD  cells  in  response  to  DNA 
damage,  compared  with  control  cells  (Fig.  4,4).  This  inhibition  can  be 
attributed  to  PARP-DBD  expression  in  LNCaP  cells  (Fig.  3)  rather 
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Fig,  4,  PARP-DBD  sensitizes  human  prostate  cancer  cells  to  ionizing  radiation  and 
etoposide.  A,  PARP-DBD  expression  enhances  DNA  damage-induced  growth  inhibition 
in  prostate  carcinoma  cells.  LNCaP  (PSA-DBD)  cells  were  maintained  in  medium  con¬ 
taining  10%  charcoal-stripped  fetal  bovine  serum  in  presence  (■)  or  absence  (Q)  of 
synthetic  androgen  R1881  (10  om)  before;  irradiation  (20  Gy)  or  treatment  with  etoposide 
(10  jam).  Viable  cells  were  measured  by  an  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy- 
methoxy-phenyl)-244-sulfonyl)-2ff-tetrazoUum  assay  at  indicated  times,  and  results  are 
expressed  as  a  percentage  of  mock-treated  control  (»  ~  4);  bars,  ±SD.  B,  effect  of 
PARP-DBD  expression  on  annexin  staining  in  LNCaP  cells  after  DNA-damaging  treat¬ 
ments.  PSA-DBD  cells  were  maintained  in  absence  or  in  presence  of  R1881  (10  hm)  for 
24  h  before  irradiation  (IR;  20  Gy)  or  treatment  with  etoposide  (10  pm;  VP-16).  Annexin 
V  binding  activity  was  determined  in  parental  LNCaP  and  PSA-DBD  cells  by  flow 
cytometry  24  h  after  treatments.  Apoptotie  ceils  are  defined  as  annexin  V-positive  cells 
and  are  expressed  as  percentage  of  total  cell  number  in  sample  analyzed  on  FACSscan 
flow  cytometer.  Data  presented  are  the  mean  values  determined  from  triplicate  experi¬ 
ments;  bars ,  ±SD,  C,  effect  of  PARP-DBD  expression  on  changes  of  mitochondrial 
membrane  potential  in  LNCaP  cells  after  DNA-damaging  treatments.  After  treatments  (24 
h),  untreated  controls  (C/7),  irradiated  (£R;  20  Gy),  or  etoposide-treated  (10  pu;  VP-16) 
cells  were  stained  with  JC-1  “DePsipher”  reagent  and  analyzed  by  flow  cytometry. 
Mitochondrial  potential  breakdown  in  dying  cells  results  in  accumulation  of  green 
fluorescent  JC-1  monomers,  which,  in  turn,  is  reflected  by  an  increase  of  green  fluores¬ 
cence  events.  Representative  data  (of  three  independent  experiments)  are  shown. 
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radiation  (19),  our  observations  suggest  that  overexpression  of  the 
PARP-DBD  augments  apoptotic  pathways  in  these  cells  in  an  andro¬ 
gen-independent  fashion.  Additional  investigations  are  required  to 
elucidate  the  mechanisms  for  PARP-DBD-mediated  sensitization  of 
LNCaP  cells  to  DNA  damage,  as  well  as  the  enhanced  apoptotic 
responses  in  DBD-expressing  prostate  cancer  cells.  The  studies  ad¬ 
dressing  these  questions  are  currently  underway. 

Although  many  prostate  cancer  cells  are  deficient  in  DNA  mis¬ 
match  repair,  they  are  resistant  to  ionizing  radiation  and  DNA- 
damaging  drugs.  Therefore,  targeting  molecular  components  that  are 
critically  involved  in  maintenance  of  genome  stability  is  a  promising 
approach  directed  at  overcoming  intrinsic  tumor  cell  resistance  to 
DNA-damaging  treatments.  From  this  point  of  view,  the  strategy 
described  here  represents  a  novel  starting  point  for  the  design  of 
PARP-based  molecular  therapies  targeting  prostate  cancer  in  vivo. 
First,  this  approach  uses  tissue-specific  (prostate  carcinoma)  and 
treatment-specific  (DNA  damage)  gene  therapy  for  prostate  cancer. 
Next,  to  avoid  the  potential  side  effects  due  to  expression  of  PSA  in 
tissues  other  than  prostate,  tumor  cells  are  targeted  using  an  agent  that 
is  not  functionally  active  in  the  absence  of  massive  DNA  damage  and, 
therefore,  would  not  be  toxic  to  cells  outside  of  the  irradiated  volume 
or  pose  a  genetic  risk  to  the  patient.  Furthermore,  PARP-DBD- 
mediated  cell  death  is  independent  of  cell  proliferation  states  because 
both  nondividing  cells  and  rapidly  proliferating  cancer  cells  cannot 
survive  the  massive  accumulation  of  long-lived  damage  in  the  genome 
(20).  Thus,  targeting  tumor  cells  with  the  PARP-DBD  can  be  bene¬ 
ficial  especially  for  the  control  of  prostate  cancer,  because  prostate 
cancers  usually  grow  very  slow.  These  properties  of  the  PARP-DBD 
are  in  marked  contrast  to  conventional  chemotherapeutic  drugs,  which 
primarily  target  proliferating  cells.  In  summary,  the  plasmid  vector 
developed  in  this  study  permits  the  expression  of  the  human  PARP- 
DBD  in  an  androgen-inducible  and  PSA-dependent  fashion,  and  sen¬ 
sitizes  prostatic  adenocarcinoma  cells  to  DNA-damaging  treatments. 
These  results  provide  a  proof-of-principle  for  a  novel  therapeutic 
strategy  to  control  prostate  cancer, 
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